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Abstract 
 
 
 
Ground source heat pump (GSHP) systems are widely used in residential and 
commercial building for space heating and cooling as an alternative of conventional air 
source heat pump (ASHP) systems. GSHP systems provide a higher efficiency than 
conventional ASHP systems and environmentally friendliness. In GSHP systems, 
thermal energy transfer between the ground soil and circulating fluid occurs in an 
underground loop called a ground heat exchanger (GHE), which is laid in horizontal 
shallow trench or buried in vertical borehole. Though the GSHP systems are energy 
efficient than ASHP systems; however, initial installation costs are higher due to the 
additional cost associated with the GHE. The installation cost of GHE can be reduced 
by intelligently designing of GHE with proper selecting materials and size. Therefore, 
aiming to understand the physical phenomena occurs between the GHE and ground soil 
around GHE, studies are necessary. 
In present study, the performance analyses of slinky horizontal GHEs have been 
studied via both experimental measurements and numerical simulation. In addition, 
optimization of vertical double tube GHE has been carried out by numerical simulation. 
In experiment, two slinky horizontal GHEs such as reclined (loops are placed parallel to 
ground surface) and standing (loops are placed perpendicular to ground surface) were 
installed in Saga University, Japan. All numerical simulations were carried out by using 
a commercial computational fluid dynamics (CFD) software package ANSYS FLUENT. 
The thermal performances of reclined and standing slinky horizontal GHEs were 
experimentally investigated in different heating modes of continuous and intermittent 
operations. A copper tube of which outer surface is protected with a thin coating of low 
density polyethylene (LDPE) was selected as tube material of GHE. The thermal 
behavior of undisturbed ground and ambient temperature were also measured. To 
suggest the customary sizing of slinky GHEs for different ground soil temperatures and 
operating conditions, the overall heat transfer coefficient UA-values were also 
evaluated. Within the 4-days average heat exchange rate, the standing GHE shows 
16.0% higher heat exchange rate than the reclined GHE at a flow rate of 1 L/min. For 
the mass flow rate 2 L/min, the average heat exchange rate of the standing GHE is 
iv   |   Abstract 
19.1% higher than the reclined GHE. With respect to excavation work, standing slinky 
GHE is more cost effective than reclined slinky GHE. The trench ground temperature 
degradation due to heat extraction was stronger in leading loops than trailing loops. 
This happened because of higher heat load in the leading loops. Hence, the slinky 
horizontal GHEs can be installed with a gradually sinking loop pitch from the starting 
loop to the end loop. This will potentially reduce the installation land area or may 
improve the thermal performance. Furthermore, the effects of different ground 
temperatures on GHE performance were discussed. For mass flow rate of 1 L/min with 
inlet water temperature 7 °C, the 4-days average heat extraction rates increased 45.3% 
and 127.3%, respectively, when the initial average ground temperatures at 1.5 m depth 
around reclined horizontal GHE increased from 10.4 °C to 11.7 °C and 10.4 °C to 
13.7 °C. In the case of intermittent operation, which boosted the thermal performance, a 
short time interval of intermittent operation is better than a long time interval of 
intermittent operation. Furthermore, from the viewpoint of power consumption by the 
circulating pump, the intermittent operation is more efficient than continuous operation. 
Aiming to improve the thermal performance of slinky horizontal GHEs, the 
uniform distribution of loops were modified by a geometric sequence such that 
gradually decreasing the loop pitch interval from starting loop to end loop. The 
performances were investigated numerically in cooling mode. The slinky horizontal 
GHE loops were distributed by a geometric sequence such that after obtaining the first 
loop pitch interval, the preceding next loop pitch interval is obtained by multiplying the 
first loop pitch interval by a constant called the common ratio (pitch reduction factor). 
A comprehensive experimental investigation was carried out to validate the present 
numerical model. In numerical study with modified arrangements of loop pitch, slinky 
loop diameter, number of loop and trench length was fixed as 1 m, 7 and 7 m 
respectively. The comparative temperature distribution around GHE also being 
discussed to illustrate the heat exchange improvement mechanisms. The operating water 
flow rate was 4 L/min and entering water temperature was 27 °C. The computational 
results indicate that, the modified arrangement of slinky GHE loop is a promising for 
the performance improvement. Under the present operating conditions and geometric 
parameters considered, the modified arrangement of slinky GHE loops offers maximum 
22.2% higher heat exchange compared to uniform distribution of loops of slinky GHE 
within 7 days continuous operation. In this study the slinky GHE consists only 7 loops, 
which is may be suited for load demand of small building. For large building or 
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commercial purpose, the slinky GHE is consisted usually large number of loops. It that 
situation, the total number of loop can be distributed by sequentially decreasing the loop 
pitch, or by subdividing the loops in step by step group of loop pitch reduction factor. 
These types of modified loop arrangement of slinky horizontal GHE minimize the 
drawback of shallow GHE‟s unstable thermal performance due to ambient effect. 
From previous study, it is seen that, the double tube (coaxial) vertical GHE has 
higher thermal performance than U-tube and multi-tube GHEs. Therefore, the double 
tube vertical GHE has adopted to optimize the outer (inlet) tube diameter and inner 
(outlet) tube diameter in cooling mode. The purpose of this optimization is to reduce the 
outer and inner tube diameter. A series of two-dimensional axisymmetric numerical 
simulations were carried out to test the performances considering heat exchange rate 
and pressure drop. Effect of the different materials on heat transfer and longtime 
operation were also discussed. The results indicate that, heat transfer rate can be 
enhanced by reducing the inner (outlet) tube diameter for a fixed outer (inlet) tube 
diameter. The double tube vertical GHEs are more effective in laminar flow condition 
considering balance between heat transfer and pressure drop. The pressure drop is not 
significantly high in laminar flow condition; it is possible to reduce the outer (inlet) and 
inner (outlet) tube diameter of double tube GHEs if double tube GHEs operates in 
laminar flow condition. The heat transfer rate decreased only 17% but diameter of the 
outer tube can be reduced from 130 mm to 40 mm with fixed inner tube diameter of 20 
mm. High density polyethylene is usually used in installation of GHE, the present study 
suggests that in double tube GHE, outer (inlet) tube with high density polyethylene and 
inner (outlet) tube with polyvinyl chloride is more effective than HDPE tubes use both 
in outer and inner tubes. From the temperature distribution of long time operation, 
multiple double tube GHE can be installed at 2.0 m apart. 
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Introduction  
 
 
 
 
1.1 Background 
 
The International Energy Outlook 2017 (IEO, 2017) projected that world energy 
consumption will grow by 28% between 2015 and 2040. Fig. 1.1 shows the projected 
estimation of world energy consumption by energy sources. To meet the energy demand, 
it is necessary to access the available energy from conventional resources and 
renewable resources. Different kinds of energy sources such as petroleum, natural gas 
coal, uranium, biomass, hydropower, geothermal, wind, solar etc. are required to meet 
the energy demand for heating and cooling, transportation, manufacturing. The fossil 
fuels utilization in energy production has climatic pollution issues and fuel price is 
increasing in the last decades. The greenhouse gases (carbon dioxide, CO2; methane, 
CH4; nitrous oxide, NO2) emission due to energy production from fossil fuels increased 
about 70% between 1970 and 2004 (Kyoto Protocol, 1997). Moreover, the global 
warming becomes more and more. The end uses of energy in the form of electricity are 
used for cooling and heating of building. Most of energy for cooling and heating of 
buildings comes from conventional (non-renewable) sources. To reduce the greenhouse 
gases emission from energy used in building cooling and heating, renewable energy is 
an alternative of fossil fuels which is eco-friendly (ASHRAE, 2009). In addition, the 
using of renewable energy reduces the dependency on fossil fuel. Renewables are 
expected to be the fastest growing energy source, with consumption increasing by an 
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average 2.3% per year between 2015 and 2040 (IEO, 2017). The geothermal energy is 
such kind of potential renewable energy that can be effectively used due to its 
environmental friendliness, high capacity and stable performance (Zeng et al., 2003). 
This geothermal energy which is available massive quantity under the ground which is 
utilized for heating and cooling of building via ground source heat pump (GSHP) 
system.  
 
Fig. 1.1. World energy consumption by energy source, 1990-2040 (quadrillion Btu) 
(IEO, 2017) 
 
Now a day, GSHP systems have attractive choice for building heating and cooling 
on the basis of energy conservation and rising energy prices (Urchueguía et al., 2008; 
Yuan et al., 2012; Self et al., 2013). Their high thermal performance all around the year 
due to the stable ground temperature at a certain depth (Yeung, 1996; Kavanough and 
Rafferty, 1997; Beier, 2014) which reduces power consumption of operating and 
maintenance cost about 25% to 50% than conventional air source heat pump (ASHP) 
system (Sarbu and Calin, 2014). Therefore the GSHP system is much more energy 
efficient than conventional ASHP system (Sanner et al., 2003; Urchueguía et al., 2008; 
Chiasson and Yavuzturk, 2009; Sarbu and Calin, 2014). Geothermal has no flame, no 
flue, no odors, and no danger of fire and a long life. The study conducted in Tokyo 
(Genchi et. al., 2002) suggests that GSHP systems would result in 54% equivalent to 
39,519 tons of the CO2 emissions reduction annually. The economics of GSHPs can be 
very attractive in large buildings because elaborate equipment and controls are not 
required to provide comfort and high efficiency (Kavanaugh and Rafferty, 1997). The 
geothermal energy source can be utilized for using in high-temperature (>150°C) 
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electric power production, intermediate and low-temperature (<150°C) direct-use 
applications, and GSHP applications (generally <32°C) (ASHRAE, 2011). High capital 
costs and uncertainty about whether are the only drawback for the GSHP. The higher 
initial investment can be balanced by the payback period of investment cost ranges from 
5 to 10 years (Atam and Helsen, 2015). Ways to reduce the payback period through 
GHE design and sizing optimizations and higher efficiency are critical in promoting 
such systems. 
The GSHP is a technology for heating and/or cooling that uses the earth as a heat 
source (in the winter) or a heat sink (in the summer). In a GSHP system, heat is 
extracted from or rejected to the ground via a series of buried of pipes, i.e. ground heat 
exchanger (GHE), through which a working fluid circulates. The working fluid, which 
is typically, composed of water or a mixture of water and antifreeze solutions such as 
methanol, ethanol, or glycol. The GHE configuration can either be horizontal trenches 
or vertical boreholes are used during the installation process (Yuan et al. 2016). GHEs 
do not generate electricity or heat, but they facilitate the transfer of thermal energy 
between the ground and working fluid through GHEs. This transferred thermal energy 
is supplied to building when GHE coupled with a heat pump. The vertical GHEs being 
a common choice because they required small land area of installation and significantly 
higher energy performance compared to horizontal GHEs (Banks, 2008). However, the 
depth of vertical GHEs are generally varies between 30 and 120 m (Fisher et al., 2006; 
Zhang et al., 2017), therefore more expensive to install than horizontal GHEs. On the 
other hand, horizontal GHEs are most cost effective to install if there are no major 
limitations on land (Lee et al., 2015). Since horizontal GHEs are usually laid in 
shallower trenches at a depth of 1.0 to 2.0 m (Florides and Kalogirou, 2007; Chiasson, 
2010; Kavanough and Rafferty, 2014), the disadvantage should be considered because 
the horizontal GHEs are highly affected by ambient conditions. Thus the shallow 
horizontal GHEs give lower energy output than vertical GHEs. It is best opportunity to 
improve the efficiency of horizontal GHEs by selecting of different modified 
geometries from single pipe, multiple pipes, and coiled pipe. Since the single pipe and 
multiple pipes require the greatest amount of ground area and if land area is limited, 
slinky or spiral GHEs which can be placed vertically in narrow trenches or laid flat at 
the bottom of wide trenches may be used in order to fit more piping into a small trench 
area. The modified design of horizontal GHEs will also reduce the initial installation 
cost (Kavanough and Rafferty, 2014).  
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The heat exchange performance of the GHE is an important subject in the GSHP 
system design. Three important parameters for this performance are thermal 
conductivity of the ground, thermal resistance of the borehole heat exchanger, and 
undisturbed ground temperature (Eskilson, 1987). In order to gain an understanding of 
how well GSHPs function after installation, an analysis of their performance needs to 
be conducted. Different experimental study, analytical solution and numerical solution 
have been conducted which helps to improve GSHP system design. 
 
1.2 Aims and objectives of present research  
 
In this present study, performance analysis and optimization of GHEs were 
conducted experimentally and numerically.  Firstly, to clarify the thermal performance 
of slinky horizontal GHE and ground thermal behavior, experiments were conducted in 
two orientations of GHEs such as standing (loops are perpendicular to ground surface) 
and reclined (loops are parallel to ground surface). The thermal performances were 
investigated and were compared in different conditions such as continuous and 
intermittent operations, mass flow rates. The thermal behavior of the ground was also 
investigated. Secondly, to investigate the improvement of thermal performance of 
slinky horizontal GHE by employing slinky loops in sequentially decreasing the loop 
pitch interval from starting loop to end loop, numerical simulations were carried out 
with the CFD software package ANSYS FLUENT. In this numerical simulation, the 
thermal performance improvements were investigated on the basis of effect of different 
loop pitch arrangement of slinky GHE. Thirdly, numerical simulations were conducted 
to optimize the size double (coaxial) tube vertical GHE. Effect of different piping 
materials was also investigated. Furthermore, effect of long time operation on ground 
soil temperature around the GHE was investigated. 
 
The primary objectives of this research are as following: 
 To construct standing and reclined slinky horizontal GHEs and investigate their 
thermal performances with various operational conditions. 
 To investigate the thermal behavior of undisturbed ground and trenches 
temperature distributions. 
 To develop a three-dimensional numerical model of slinky horizontal GHE for 
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optimizing loop arrangement and investigate the thermal performance 
improvement.  
 To develop a two-dimensional simulation model for optimizing the double tube 
vertical GHE on the basis of heat exchange rate and pressure drop. 
 
1.3 Thesis structure 
 
The outcomes from this present study are described in several chapters. The 
present chapter outlines the general introduction and background information of 
geothermal energy, GSHP system and GHE. Aims and objectives of the present 
research are also described in this chapter. Chapter 2 describes the overview of GSHP 
system and literature review regarding to GSHP systems and GHEs. The description of 
the GSHP and GHE systems and ground thermal behavior are briefly explained.  Then, 
previous works related to horizontal and vertical GHEs are reviewed. In chapter 3, the 
experimentally investigated thermal performances of standing and reclined slinky 
horizontal GHEs are described. Details of experimental setup are explained. For better 
understanding the heat exchange process, temperature distributions of local ground, and 
ground around the GHE are presented. Experimental thermal performance enhancement 
by intermittent operations are also discussed and compared with continuous operation. 
Chapter 4 describes the numerically investigated thermal performance analysis of 
optimum slinky loop arrangement for horizontal slinky GHE in different configurations. 
Commercial CFD software package FLUENT was used for numerical analysis to 
investigate the thermal performance improvement on the basis of effect of different 
loop pitch arrangements of slinky GHE. Chapter 5 describes the numerical optimization 
of double tube vertical GHE for ground source heat pump. Optimization analysis was 
done by considering balance between heat transfer rate and pressure drop for different 
mass flow rate. The effect of different inlet and outlet tube diameters and different 
materials on heat transfer and longtime operation are also discussed. Chapter 6 presents 
the conclusions throughout the present study. In addition, this chapter also presents the 
comments and recommendations for future work.  
  
 
  
 
 
Chapter 
2 
 
Overview of GSHP Systems and Literature 
Review  
 
 
 
2.1 Introduction 
 
Different types of heating and cooling systems are used to maintain the desired air 
temperature inside a building, and the energy required to operate these systems 
generally comes from electricity, fossil fuels, or biomass. Renewable forms of energy 
such as solar, wind, biomass, hydro, and geothermal energy produce low or no 
emissions. In contrast to many other sources of heating and cooling energy which need 
to be transported over long distances, earth energy is available on-site, and in massive 
quantities. The ground has a high heat storage capacity and provides a free renewable 
source of energy. A GSHP system is used to transport the energy stored in the ground 
into inside the building.  The GSHP system is a kind of technology that uses geothermal 
energy stored in the ground for space heating, cooling as well as for providing domestic 
hot water. GSHP systems are higher energy efficient than ASHP systems. Research on 
GSHP systems proved innovative concepts aiming to improve the overall energy 
performances and at lowering the initial capital costs are still possible in cold climates 
(Minea, 2006). Thus the GSHP systems are attractive choice in residential and 
commercial buildings. Today, GSHP systems are one of the fastest growing 
applications of renewable energy in the world, with most of this growth happening in 
USA and Europe, but also in other countries such as Japan, China, South Korea and 
Turkey. 
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2.2 Classification of GSHP systems 
 
There are numerous GSHP systems and GHEs all over the worlds. GSHP systems 
can be classified in different ways. In accordance with the working fluid circulates 
between heat pump unit and GHE, GSHP systems can be classified as: (i) closed loop 
systems (ii) open loop systems, and (iii) direct expansion systems (Hadley and Donald, 
2001; Oughton et al., 2015). Fig. 2.1 shows the summarized schematic of different 
GSHP system loops (Hadley and Donald, 2001). 
Furthermore, GSHPs comprise a wide variety of systems that may use ground-
water, ground, or surface water as heat sources or sinks. These systems have been 
basically grouped into three categories (Kavanaugh and Rafferty 2014, Banks, 2008). 
These included categories are as follows: 
 Ground-coupled heat pumps (GCHPs) that are closed-loop piping systems 
buried in the ground, use the ground as a heat source and sink, either with 
vertical or horizontal GHEs; 
 Ground-water heat pumps (GWHPs) that are open-loop piping systems with 
water wells, use underground (aquifer) water as a heat source and sink; 
 Surface-water heat pumps (SWHPs) that are closed-loop piping coils or open-
loop systems connected to lakes, streams, or other reservoirs, use surface water 
bodies (lakes, ponds, etc.) as a heat source and sink; 
 
Among of these three categories, the GCHPs seem to be the most common of 
GSHP type in both commercial and residential buildings where tubing buried in 
horizontal trenches or vertical boreholes (Kavanaugh and Rafferty, 2014).  
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Fig. 2.1. Schematics of different GSHP system loops (Hadley and Donald, 2001) 
 
2.2.1 Closed loop systems 
 
In closed-loop GSHP system, a nontoxic antifreeze heat transfer fluid circulates 
through a loop or multiple loops of plastic piping installed below the ground surface or 
submerge within a surface water body. Closed-loop systems use pumps to circulate the 
heat transfer fluid between the heat pump and the ground loop. Unlike an open-loop, a 
closed-loop system does not involve the withdrawal of groundwater. During winter 
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(heating), the ground‟s heat is absorbed by the heat transfer fluid within the loop piping 
and transmitted to the heat pump unit‟s heat exchanger. In heat pump unit, a heat 
exchanger transfers heat between the refrigerant and the antifreeze solution, and 
provides heat to the building. In the summer season, the cycle is reversed and the GSHP 
removes heat from the building and transfers it into the ground. Even though plastic 
pipes (polyethylene or polybutylene) are commonly used for closed loop GHE 
installation, copper and steel are used in some applications since they have high thermal 
conductivity (Kavanaugh and Rafferty, 2014). Common heat transfer fluids include 
water or water mixed with an antifreeze such as: sodium chloride, calcium chloride, 
potassium carbonate, potassium acetate, ethylene glycol, propylene glycol, methyl 
alcohol, or ethyl alcohol (Hadley and Donald, 2001). Brine solution or water-antifreeze 
mixtures are usually used in conditions where the fluid temperature drops 6 °C (UK 
Enviroment Agency, 2010). There are several varieties of closed-loop configurations 
including horizontal, spiral, vertical, and submerged. 
 
2.2.1.1 Horizontal loops 
 
A horizontal closed loop shown in Fig. 2.1(a) is composed of pipes that run 
horizontally in the ground if adequate land area is available. The horizontal loop 
arrangements are placed in trenches, typically at a depth of 1.0 to 2.0 m below the 
ground surface (Kavanaugh and Rafferty, 2014; Hadley and Donald, 2001; Florides and 
Kalogirou, 2007; Chiasson et al., 2010). The horizontal loop configurations are easier 
and less expensive to install than the vertical loops, but require a larger installation land 
area. Horizontal loops are usually better suited to smaller applications such as 
residential and small commercial buildings. Since the ground temperature and thermal 
properties fluctuate with season, rainfall, and burial depth depending upon where the 
horizontal loops are installed, the performance of horizontal GHE highly affected by 
ambient weather. As a result, slightly higher pumping energy required and lower system 
efficiency when coupled with a heat pump. To reduce the required installation land area, 
instead of single-pipe, the configurations of multiple-pipe (usually two to six) can 
reduce the amount of required ground area (Kavanaugh and Rafferty, 2014; Hadley and 
Donald, 2001). The pipes are separated by 30 to 60 cm depending on the soil 
characteristics and moisture content. However trench length can be reduced, total pipe 
length must be increased with multiple-pipe configurations. 
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2.2.1.2 Spiral/slinky loops 
 
Spiral loop is reported to reduce required ground area and is a variation of the 
multiple-pipe horizontal-loop configuration. The spiral loop is commonly referred to as 
the “slinky.” The spiral/slinky loop, shown in Fig. 2.1(b), constructed by stretching 
small diameter high density polyethylene (HDPE) pipe from the tight coil in which it is 
shipped into an extended coil that can be placed vertically in a narrow trench or laid flat 
at the bottom of a wide trench. These two variations of spiral loops are illustrated in Fig. 
2.2. The slinky loop configuration generally fits more piping within a smaller trench 
length than the multiple horizontal loop systems. Depending on soil, climate and heat 
pump's run fraction, slinky coil trenches can be anywhere from one third to two thirds 
shorter than traditional horizontal loop trenches. Slinky loops are essentially a more 
economic and space efficient version of a horizontal ground loop. 
 
Fig. 2.2. Slinky GHE configuration (Florides and Kalogirou, 2007) 
 
 
 
 
Chapter 2   Overview of GSHP Systems and Literature Review  
12 
 
2.2.1.3 Vertical loops 
 
The vertical loops consist of a series of deep vertical holes shown in Fig. 2.1(c). 
The vertical GHE is well suited to larger buildings when minimal disruption of the 
landscaping is desired, or where little land is available for the GHE installation. 
Because of the ground temperature is steady year round below the ground surface after 
a certain depth; vertical loops are more efficient than horizontal loops, which may 
experience seasonal temperature fluctuations. Vertical loops are generally more 
expensive to install than horizontal ones, but require less piping due to the stable 
temperatures. The boreholes, 45 to 150 m in depth, are drilled by rigs normally used for 
drilling wells. They contain either one or two loops of pipe with a U-bend at the bottom 
or spiral coil type or double tube type. After the pipe is inserted, the hole is commonly 
filled with a bentonite grout. The grout surrounding the pipe provides a thermal 
connection to the surrounding soil or rock to improve the heat transfer. Thermally 
enhanced grouts are available to improve this heat transfer. The grout prevents surface 
water from draining into the borehole and the groundwater, and also prevents the water 
from one borehole from leaking into an adjacent borehole. Boreholes are spaced at least 
5–6 m apart to avoid thermal interference from adjacent borehole. In multiple vertical 
GHE, the vertical pipes are connected to horizontal supply and return header pipes. The 
header pipes carry the GHE heat transfer fluid to and from the heat pump. 
 
2.2.1.4 Submerged loops  
 
If the site has an adequate water body, the closed-loop piping system can be 
submerged, as illustrated in Fig. 2.1(d). This may be the lowest cost option. This type of 
system requires adequate surface area and depth to function efficiently in response to 
heating or cooling requirements under local weather conditions. The submerged piping 
system should place in a water source that meets minimum volume, depth, and quality 
criteria. It is also recommended that the heat transfer loops be at least 1.8 to 2.4 m 
below the pond surface, preferably deeper. This maintains adequate thermal mass even 
in times of extended drought or other low-water conditions. Rivers are typically not 
used because they are subject to drought and flooding, both of which may damage the 
system. 
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2.2.2 Open loop systems 
 
This type of GSHP systems use local groundwater or surface water (i.e., lakes) as 
a direct heat transfer medium instead of the heat transfer fluid described for the closed-
loop systems. Open-loop systems consist primarily of extraction wells, extraction and 
reinjection wells, or surface water systems. These three types are illustrated in Fig. 
2.1(e), 2.1(f), and 2.1(g), respectively. The groundwater withdraws from the supply 
well or surface body water, passes directly through a heat pump. Once it has circulates 
through the heat pump, exchanges heat and then returns back either to the ground 
through the well or to the ground surface or into the surface water. This option is 
obviously practical only where there is an adequate supply of relatively clean water and 
regulations regarding groundwater discharge are met.  
Standing column well is another variation of open loop systems where one or 
more deep vertical wells are drilled. Water is drawn from the bottom of a standing 
column and returned to the top. This system reinjects a portion of the return water back 
to the source well. The amount of reinjected water depends on heating and cooling load 
demand. The reinjection cycle cools the column during heat rejection, heats it during 
heat extraction, and reduces the required bore depth as well as the amount of surface 
discharge water. 
 
2.2.3 Direct expansion systems 
 
Each of the GSHP system loops described above uses an intermediate heat 
transfer fluid to transfer heat between the ground and the refrigerant. Use of an 
intermediate heat transfer fluid necessitates a higher compression ratio in the heat pump 
to achieve sufficient temperature differences in the heat transfer chain (refrigerant to 
fluid to ground). Each also requires a pump to circulate water between the heat pump 
and the GHE. Direct-expansion systems, illustrated in Figure 2.1(h), remove the need 
for an intermediate heat transfer fluid, the fluid-refrigerant heat exchanger, and the 
circulation pump. Copper piping in pits, horizontal trenches or vertical borings are 
buried under the ground through which refrigerant is circulated for heating and cooling 
(Kavanaugh and Rafferty, 2014). The refrigerant is pumped through the loop; heat is 
transferred directly through the copper to the ground. The result is improved heat 
transfer characteristics and thermodynamic performance. 
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2.2.4 Hybrid system  
 
The performance of the GSHP system is affected by a climate of the specific 
location including heating and cooling loads all the year round. For the better 
performance of GSHP system, it is desirable to good balanced between heating and 
cooling loads. However, due to unbalance loads in peak of summer or winter season, 
the system performance decreases. Therefore, to maintain constant load demand of 
buildings, the GSHP system is usually equipped of using several supplemental heat 
rejecter or heat absorber, called the hybrid GSHP system. The hybrid system provides a 
better system performance and reduces the installation costs. Hybrid systems are 
particularly effective where cooling needs are significantly larger than heating needs. 
Three notable supplemental systems are described below (Hadley and Donald, 2001). 
 
2.2.4.1 Cooling tower supplemented system 
 
In warmest climates or in thermally heavy commercial applications where the 
cooling load is the driving design factor, the hybrid system supplementing with a 
cooling tower or other supplemental heat rejection system can reduce the required size 
of a closed-loop GSHP system as shown in Fig. 2.3. The supplemental heat rejection 
system is installed in the loop by means of a heat exchanger (typically a plate and frame 
heat exchanger) between the heat pump and the GHE loop. The cooling tower acts to 
precool the loop‟s heat transfer fluid upstream of the ground loop, which lowers the 
cooling load requirement on the ground loop. By significantly reducing the required 
size of the ground loop, using a cooling tower can lower the overall installation cost. 
 
2.2.4.2 Solar assisted system 
 
In heating dominant climates where the heating load is the driving design factor, 
the use of supplemental system with solar heat collector can significantly improve the 
system performance by reducing the required size of ground loop and installation costs. 
Solar collectors are designed to heat the water, can be installed combine with GSHP 
system as illustrated in Fig. 2.4. The solar collectors provide additional heat to the heat 
transfer fluid. 
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Fig. 2.3. Cooling tower supplemental hybrid system for cooling dominated loads 
(Hadley and Donald, 2001). 
 
Fig. 2.4. Solar-assisted hybrid system for heating dominated loads (Hadley and 
Donald, 2001). 
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2.2.4.3 Hot water recovery system 
 
The hybrid GSHP system with hot water supply is becoming common to improve 
the system performance and it makes economic sense. Fig. 2.5 shows a hot water 
system where the system uses an option to include desuperheating heat exchangers to 
provide hot water from a heat pump. These dual-wall heat exchangers are installed in 
the refrigerant loop to recover high temperature heat from the superheated refrigerant 
gas. With the heat pump in cooling mode, hot-water recovery systems increase system 
operating efficiency while acting as a waste-heat-recovery device and provide 
essentially free hot water. 
 
Fig. 2.5. Hot water supplemental hybrid system (Yang et al., 2010). 
 
2.3 Principle of GSHP operation 
 
The Fig. 2.6 illustrates a GSHP system. A GSHP system consists of three major 
components (Svec et al., 1983; Haehnlein et al., 2010): (i) a heat pump subsystem, (ii) a 
ground connection subsystem (ground heat exchanger), and (iii) the heat distribution 
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subsystem. Heat exchange between working fluid (water, anti-freeze liquid solution) 
and ground occurs in GHE. The heat pump delivers this exchanged heat to building via 
heat distribution subsystem. Generally heating and cooling distribution in a GSHP 
system is almost the same as in conventional systems. For the optimum performance of 
a GSHP system, proper selection and appropriate design of different components are 
necessary.  
During winter season, the working fluid is pumped through the GHE and it 
extracts heat from high temperature surrounding ground. As the heated working fluid 
(heat gained from the ground) enters to the heat exchanger (evaporator) of the heat 
pump and exchanges heat between working fluid and refrigerant, which then transfers 
the energy indoors in order to heat the building. The working fluid, which is cooled at 
this point, makes its way back underground to gain heat once again from the ground, 
and the cycle repeats. 
 
Fig. 2.6. Principle of GSHP system operation. 
(Source: http://www.real-world-physics-problems.com/how-heat-pumps-work.html) 
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On the other hand, in summer, the GSHP system operates in reverse by using a 
three-way valve in heat pump cycle, as a cooler (air conditioner). Therefore, the 
operation is similar, except that instead of gaining heat from the ground, the working 
fluid of GHE (which now acts as the cooling medium) “loses” heat to the ground. As 
the working fluid makes its way back up (in the cooled state), it enters to the heat 
exchanger (condenser) of heat pump unit, which allows the heat energy of the inside of 
the building to be transferred to it, by way of the heat pump. This enables the building 
to get cooler inside. The working fluid of GHE cycle, which is heated at this point, 
makes its way back underground to lose heat once again to the ground, and the cycle 
repeats. 
 
2.4 Parameters affect the performance of GHE 
 
The performance of a GSHP system depends on the thermal performance of 
GHE. On the other hand, the thermal performance of GHE depends on many factors 
such as ground thermal conditions, heat pump efficiency, types of GHEs and size of 
GHE (Chiasson, 1999; Lund et al., 2004). Groundwater advection is also important 
factors to the performance of GHE (Lim et al., 2007). Also, the backfilled materials of 
GHE trench or borehole play an important role on the performance of GHE. To design 
an efficient GSHP system, all of factors affecting on the performance of GHE should be 
considered carefully. The design of GHEs is complicated by the variety of geological 
formations and properties that affect thermal performance. Proper identification of 
materials, moisture content, and water movement is an involved process and cannot be 
economically justified for every project. Thermal property tests of ground provide 
improved accuracy over standard geological surveys and highly recommended when 
designing GSHPs for commercial and institutional buildings (Kavanaugh and Rafferty, 
2014).   
The performance of GSHP systems as well as GHEs significantly depends on 
the weather conditions and ground thermal energy conditions (Parker and White, 1982; 
Popiel et al., 2001; Dumont and Frere, 2005). Ground temperature variation is 
combined effect of changes of the ground radiant, thermal and latent energy transfer 
processes that take place primarily through the ground surface (Hillel, 1980). It is 
necessary to know about the minimum and maximum ground temperature at the GHE 
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depth to decide the optimum design of GHE (Kavanaugh and Rafferty, 1997). 
Therefore, more accurate soil data will allow the designer to minimize the safety factor 
and reduce the length of GHE installation. The knowledge of temperature distribution in 
ground soil is important to performance improvement of the GSHP, especially for the 
GHE (Bi et al., 2002). Figure 2.7 shows the ground thermal behavior for different types 
of energy transport in ground surface and inside the ground. The incident solar radiation 
absorbed by the ground is about up to 46% (Peuser et al., 2002).  This thermal energy 
exchanged in the ground by conduction, incident rainfall and air movement.  
 
 
Fig. 2.7. Ground thermal behavior (Ali, 2013) 
 
The energy transports between GHE and surrounding ground soil are divided 
into three categories such as conduction, convection and radiation. Among these, heat 
conduction occurs through ground and GHE materials. Heat conduction through the 
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ground exhibits transient behavior and can be expressed in cylindrical coordinates in 
following form for constant ground soil‟s properties (Incropera et al., 2007): 
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where, t is the time from the start of operation, α is the thermal diffusivity of soil, k is 
the thermal conductivity, and T is the temperature of the ground soil and/or GHE 
material. φ is the circumferential direction and z is the axial direction,  ̇ is the heat 
generated in the control volume. The effect of convection and radiation can be 
accounted for them in especial situations (Martynov, 1959). Usually the heat conduction 
in the radial direction is more dominant without groundwater flow. There are several 
analytical and numerical models are available for heat transfer through ground region 
such as one-dimensional line-source (Eskilson 1987) or cylindrical-source theory 
(Carslaw and Jaeger 1946).  
To ensure the optimum design and construction of a GHE for a heat pump 
application, the thermo-physical properties of ground soil should be considered. 
Therefore, the knowledge about thermal behavior will ensure long life of GHE loop and 
reduces the installation cost of GHE. The heat transfer effectiveness between the GHE 
and surrounding ground depends strongly on the ground type, the temperature gradient 
and the moisture gradient (Leong et al., 1998). Eskilson (1987) reported that three 
important parameters: thermal conductivity of the ground, thermal resistance of the 
borehole heat exchanger, and undisturbed ground temperature are important subject in 
the GSHP system design. Ground temperature is a function of the soil thermal 
properties such as thermal diffusivity, thermal conductivity and the heat capacity 
(Florides et al., 2013). These properties are needed to know to predict the thermal 
behavior of GHEs. Many researchers concluded that the thermal conductivity of soil 
plays a vital role on the performance of GHE (Song et al, 2006; Tarnawski et al., 2009; 
Congedo et al., 2012). Dry soils generally do not exhibit thermal conductivity variation 
with temperature and the value of thermal conductivity for moist soils is considerably 
higher than for dry soils (Leong et al., 1998). Applying high thermal conductivity 
backfill soil, the thermal performance of GSHP systems can be improved (Dehkordi and 
Schincariol 2014). 
The present research was conducted at Saga University, Saga City, Japan. The 
top ground of Saga City is soft Ariake clay, which is typically approximately up to 10 
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or 20 meters in thickness with a maximum value of 30 meters and natural water content 
of 12 to 173% (Khamahchiyan and Iwao, 1994). The ground sample in the Fukudomi 
area of Saga city consists of clay from 0 to 15 m in depth, sand and sandy-clay from 15 
to 20 m, and a water content of 30 to 150% that varies with the depth (Hino et al., 2007). 
The thermo-physical properties of clay, sand and sandy clay are shown in Table 2.1 
(JSME Data book, 2009). 
 
Table 2.1. The thermo-physical properties of the ground at temperature 293 K (JSME 
Data book, 2009) 
Ground Material Density 
(kg/m
3
) 
Specific Heat 
(J/(kg·K)) 
Thermal Conductivity 
(W/(m·K)) 
Clay (water content: 27.7%) 
 
1700 1800 1.2 
Sandy clay (water content: 21.6%) 
 
1960 1200 2.1 
Sand (water content: 7.9%) 1510 1100 1.1 
 
2.5 Literature review on GHE 
 
2.5.1 Literature review on horizontal GHE 
 
There are numerous experimental, numerical simulation and theoretical analysis 
have been studied for thermal performance analysis of heat transfer phenomena of 
GHEs (Nam et al., 2008; Hu et al., 2013; Bouhacina et al., 2015). To analyse the 
performance of horizontal GHEs, researchers conducted experiment on the horizontal 
GHEs including numerical validation (Inalli and Esen, 2004; Esen et al., 2007a; Coskun 
et al., 2008; Pulat et al., 2009). Some researchers investigated the effect of soil thermal 
properties, pipe diameter, pipe materials and pipe burial depth etc.  Esen et al. (2006) 
experimentally investigated the performance and economic analysis of GSHP system 
with horizontal GHEs in Turkey. They compared the horizontal GSHP systems with 
conventional heating methods (electric resistance, fuel oil, liquid petrol gas, coal, oil 
and natural gas) and concluded that the GSHP system offers economic advantages over 
the mentioned first five conventional heating methods except for the natural gas. Esen, 
et al. (2007b) conducted the techno-economic comparison between the horizontal 
GSHP system and conventional ASHP. They concluded that, the GSHP systems with 
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horizontal GHE are economically preferable than ASHP system for the purpose of 
space heating. The vertical and horizontal GHEs implemented in two office building 
and performance was evaluated experimentally in Germany (Eicker and Vorschulze, 
2009), and recommended that ground couple heat exchangers are optimal choice for 
office building in cooling purpose. Experimental performance results of GSHP with 
horizontal GHE are reported and discussed for winter climatic condition of Bursa, 
Turkey (Pulat, et al. 2009). GSHP system was compared to conventional heating 
methods in the economic analysis and it was shown that the GSHP system is more cost 
effective than the all other conventional heating systems such as natural gas, coal, fuel 
oil, electric resistance, and liquid petrol gas. Inalli and Esen (2004) experimentally 
tested the performance of GSHP with horizontal GHE to validate the effects of the 
buried depth of earth coupled heat exchanger, mass flow rate of the water-antifreeze 
solution and sewer water in Fırat University, Turkey. Results obtained from 
experimental measurement concluded that the horizontal GSHP systems can be used for 
Turkey climatic conditions.  
Yoon et al.(2015a) experimentally investigated the heat exchange rate of 
horizontal slinky, spiral coil and U-type GHEs and showed that the U-type GHE has 
highest heat exchange rate per unit tube length. They also tested the effect of loop pitch 
interval and concluded that the heat exchange rate per unit tube length is higher for long 
pitch interval than short pitch interval in both horizontal slinky and spiral coil type 
GHEs. Kim et al. (2016) conducted experimental and numerical investigation to 
evaluate the heat exchange rates of horizontal slinky and spiral coil type GHEs. The 
result indicated that, GHE type and soil thermal conductivity are the main factors to 
determine the heat exchange rate of a GHE, whereas the tube diameter does not have 
any effect on the GHE performance. Due to the less number of research findings and 
design recommendations on horizontal slinky GHEs, Chong et al. (2013b) conducted 
numerical simulation for the horizontal slinky GHEs where the loops were placed 
parallel and perpendicular to ground surface for a GSHP system. The effect of the loop 
pitch (loop spacing) and the depth of a perpendicular loops installation were 
investigated and the thermal performance and excavation work required for the parallel 
and perpendicular loops of slinky GHEs were compared. The results of their study 
showed that the influence of the installation depth of the perpendicular slinky-loop heat 
exchanger on the thermal performance of the system is small. The maximum difference 
in the thermal performance between the perpendicular and parallel slinky-loop heat 
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exchangers with the same loop diameter and loop pitch is less than 5%. Their results 
also indicated that reducing the loop pitch of the horizontal slinky-loop exchanger 
would improve the overall thermal performance of the system but increase the material 
cost. The field tests of Fujii et al. (2010) reported the long term air conditioning tests on 
two types of slinky horizontal GHEs in which the loops are parallel and perpendicular 
to the ground surface. They concluded that, parallel installation of slinky GHE results in 
superior performance than perpendicular installation of slinky GHE in terms of energy 
efficiency. Esen and Yuksel (2013) experimentally investigated the greenhouse heating 
by biogas, solar and ground energy in Turkey climate conditions. From their study, it is 
seen that the slinky horizontal GHE can be successfully used for greenhouse heating 
because slinky GHE occupying less space in ground. They also suggested that slinky 
type ground heat exchangers can also be used for greenhouse cooling. 
Wu et al. (2010) determined the thermal performance of GSHP coupled with 
slinky horizontal GHE both experimentally and numerically. The slinky horizontal 
GHE is better efficient than the straight horizontal GHE on the basis of same trench 
length. Adamovsky et al. (2015) compared the analysis of soil temperature, heat flows 
and energy transferred from the soil massif via a linear and slinky horizontal GHE. 
They observed that the specific heat transferred from the ground massif is significantly 
lower with the linear GHE than with the slinky GHE type. Chong et al. (2013b) 
developed a three-dimensional numerical model of slinky horizontal GHE and the 
thermal performances were compared with respect to different parameters such as loop 
pitches, loop diameters and soil thermal properties. Comparison was made for the heat 
transfer rate, the amount of pipe material needed, as well as excavation work required 
for the horizontal slinky-loop heat exchanger. The results indicate that system 
parameters have a significant effect on the thermal performance of the system. Fujii et 
al. (2012) simulated the slinky horizontal GHE using finite-element CFD software, 
FEFLOW. A relationship between the modified thermal conductivity and the loop pitch 
was derived. The numerical simulation results were validated against the recorded data 
of three short-term thermal response tests and a long-term air-conditioning test. Selamat 
et al. (2016) numerically investigated the feasibility of horizontal GHE in different 
layouts and tube materials for an equal trench length. They compared the results among 
the different layouts of slinky GHE and with straight horizontal GHE. They concluded 
that, the different GHE layouts and tube materials or in combination could be used a 
guide in designing of horizontal GHE installations. 
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2.5.2 Literature review on vertical GHE 
 
Performance analyses of vertical ground-loop GHE configurations have been 
widely carried out using both numerical modeling and experiments. Vertical GHEs 
offers a higher thermal performance than horizontal GHEs and are installed where 
ground space is limited (Hepbasli and Kalinci, 2009). However the drilling costs of 
vertical GHE are high compared to horizontal GHE. In the case of a GSHP system with 
vertical GHE, the performance dependency parameters are soil type, depth of borehole, 
velocity in the pipe, thermal conductivity of grout, the thermal resistance and heat 
exchange rate, etc. (Chua et al., 2010; Luo et al., 2014). Among these mentioned 
parameters, the borehole grout thermal resistance plays a critical role on the thermal 
performance of vertical GHE and should be designed accurately to exchange highest 
heat rate (Eugster and Rybach, 2000). Among all types of GHE, the vertical ground heat 
exchangers such as U-tubes, annular tubes and single tubes are most commonly used 
(Pei and Zhang, 2016). When foundation piles are required to deal with a building‟s 
stability problems, the installation of a ground source heat pump is a very attractive, 
cost-effective solution (Zarrella et al., 2013). The pipes of the ground heat exchangers 
can be buried in the piles and coupled with the heat pump. A GSHP system using 
several types of pile-foundation heat exchangers has been applied to a building in 
Shanghai, China (Gao, et al., 2008a; Gao, et al. 2008b) to assess the geothermal energy 
for heating and cooling. Among the four types: W-shape, single U-shape, double U-
shape and triple U-shape, the W- shaped type of pile foundation ground heat exchanger 
with moderate medium flow rate appears to be most efficient and finally applied. Jing et 
al. (2013) analyzes the change of soil temperature filed around underground pipe and 
performance of underground pipe heat exchange between single U and double U pipe 
system. The results show that double U pipe system is better than single U system, 
which can improve the unit depth heat exchange efficiency, reduce the number of wells 
and the initial investment. Yoon et al. (2015b) presented experimental and numerical 
study of thermal performance test of energy piles with W and coil-type ground heat 
exchangers (GHEs). They concluded that, the heat exchange rate of the coil-type GHE 
showed 10–15% higher efficiency compared to the W-type GHE in the energy pile. 
However, in considering the cost for the installation of the heat exchanger and cement 
grouting, the additional cost of W-type GHE in energy pile was 200–250% cheaper than 
coil-type GHE under the condition providing equivalent thermal performance. 
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Bidarmaghz et al. (2013) numerically investigated the effects of different design 
parameters such as pipe configurations and fluid flow rate on the heat extraction rate of 
vertical GHE, and will be helpful to design a system which is energy efficient and cost 
effective. They also concluded that, highly turbulent fluid flow will not necessarily 
result in a more efficient system overall, which will reduce size of the fluid circulating 
pump and its operational cost. Bernier et al. (2004) presented a multiple load 
aggregation algorithm by using the cylindrical heat source method to perform annual 
hourly energy simulations of ground-coupled heat pump systems. In addition, this 
algorithm accounts for thermal interference among boreholes by numerically solving 
the two-dimensional temperature field in the borefield.  
Jalaluddin et al. (2011) experimentally investigated the performance of three 
types of vertical GHEs such as U-tube, double-tube, and multi-tube installed in steel 
pile foundations at Saga University.  The temperature distributions of the ground and 
GHE tube walls according to depth, the heat exchange rates in 24 hours of continuous 
operation with flow rates of 2, 4, and 8 L/min and the effect of increasing the flow rate 
were discussed. In addition, experimental study over a short-time period of operation 
has been also carried out under the same condition with flow rate of 4 L/min for the 
three types of GHEs (Jalaluddin et al., 2010). The double-tube GHE has the highest heat 
exchange rate, followed by the multi-tube and U-tube. For example, with a flow rate of 
4 L/min, the heat exchange rate is 49.6 W/m for the double-tube, 34.8 W/m for the 
multi-tube and 30.4 W/m for the U-tube. The heat exchange rates of the double-tube 
and multi-tube GHEs increase in the high flow rate region, whereas the U-tube tends to 
be constant. This result implies that the double-tube and multi-tube can be operated in a 
wide range of applications. For application at a high flow rate, the multi-tube is an 
attractive choice due to its high heat exchange rate compared with the U-tube type. 
Jalaluddin and Miyara (2012) conducted numerical investigation of thermal 
performance of U-tube, double-tube, and multi-tube GHEs in every 2 h discontinuous 
operation and, 6 and 12 h discontinuous operations in a day. Furthermore, 2 h 
alternative operations of all three GHEs were investigated. The heat exchange rates 
were investigated numerically using the commercial CFD software FLUENT and 
compared with experimental data. They concluded that, discontinuous operation 
increases the heat exchange rate. The alternative operation mode of GHE systems 
operated in cooling process increases the GHE performance and heating process 
produce hot water.  
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2.6 Numerical modelling of GHE 
 
There are a number of analytical and numerical models used to design the ground 
loop heat exchangers (Ingersoll et al., 1954; Eskilson, 1987; Cane and Forgas, 1991; 
IGSHPA, 1991; Spitler et al., 1996). Compared with the analytical models, the 
numerical modelling provides a better approximation of the thermal performance 
analysis of GHE considering the ground heat and mass transfer process (Xiong et al., 
2015). Even though the numerical models are computationally time consuming and 
expensive, complex geometries of GHEs can be modelled more accurately and 
comprehensively by numerical models. A number of numerical models for ground loop 
heat exchanger design are discussed in following sections. 
 
2.6.1 Numerical models for horizontal GHE 
 
For horizontal ground heat exchangers, there are a few numerical modelling work 
has been done. A two-dimensional finite difference model (Metz, 1983) developed for 
horizontal GHE to solve the underground heat flow of a buried tank. Metz‟s (1983) 
model lays the ground of developing a numerical model for buried tanks or ground heat 
exchanger tubes; however, by representing the whole tank as one cell, the heat transfer 
between the tank and the soil is oversimplified. Therefore, the comparison shows that 
the model gives acceptable result when the heat input into the tank is small and with 
less satisfaction result when the heat is large. Furthermore, neither moisture 
transportation nor the freezing around the tank is considered in the model. Assuming 
homogeneous and constant soil properties, Mei (1986; 1988) developed two-
dimensional and three-dimensional explicit finite difference numerical model for a 
single pipe and double pipe horizontal GHEs. While the axial heat transfer of the soil 
domain is ignored, the axial fluid temperature variation is captured by calculating the 
fluid temperature of each cross-section. The effect of soil freezing around a buried pipe 
in considered in this model. Based on energy balance between the circulating fluid in 
the pipe and the surrounding soil, he calculated the soil thermal resistance surrounding 
the GHE for different soil thermal properties, the GHE geometry and the operating 
strategy of the system. In the comparison with the Metz‟s (1983) model, the Mei‟s 
(1986; 1988) models are proved to have better prediction of the fluid temperature.  
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To calculate the heat conduction of multiple pipes, Piechowski (1999) developed 
a quasi-three-dimensional finite difference model by using elements of the model 
proposed by Mei (1986) for horizontal GHEs. While this model is developed to 
simulate the cooling operation, the freezing effect is ignored in the model. Compared to 
Mei‟s models, Piechowski‟s (1999) model resulting in a better accuracy and at the same 
time a reduced computational effort. The improvements are obtained in Piechowski‟s 
(1999) model because moisture migration has considered and heat transfer with the 
largest temperature gradients in the pipe–soil interface takes into account which results 
more accurate predictions of the soil thermal response. 
Based on the Piechowski‟s (1999) model, Lee et al. (2013) presented a numerical 
model that can be applied in modeling both horizontal GHEs and foundation GHEs. 
The optimized grid scheme in Lee‟s et al. (2013) model combines the merits of the grid 
schemes of the previous model (Piechowski 1999). The interference between GHEs and 
the basement wall or floor of a building is captured in this model by integrating the soil 
domain heat transfer with the zone heat balance. The model was implemented in the 
whole building by using simulation software EnergyPlus.  
Esen et al. (2007a) developed a two-dimensional finite difference model for 
horizontal GHEs. It is based on the same assumptions described above for Piechowski's 
(1999) model. In this model, for multiple horizontal pipes, the thermal interference 
between the pipes can be avoided by considering enough distance between loops. The 
temperature of the soil and pipe wall does not change in the direction parallel to the 
pipe. The soil domain is bounded by a convective earth surface, a bottom boundary at 
deep depth and two adiabatic boundaries on the sides. Knowing the entering fluid 
temperature in the inlet of the GHE for the numerical model, the disturbed ground 
temperatures calculated from this model at different fluid flow rates. 
Demir et al. (2009) presented a two-dimensional implicit finite difference model 
to solve the heat transfer problem of multiple horizontal GHEs buried under ground. 
Neither of moisture transportation nor soil freezing is considered in the model. However, 
the effect of snow cover and precipitation are included in the model. In this model, all 
the pipes are at the same depth and the thermal interference between pipes are ignored. 
The model utilized a full heat balance on the top surface which includes the solar 
radiation, long wave radiation, convection heat transfer, conduction heat transfer 
through the earth surface (snow surface), heat transfer through evaporation on the soil 
surface (sublimation of snow), the heat transfer through the precipitation. The heat flux 
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due to precipitation can be calculated by multiple the precipitation rates, the heat 
capacity of water and the difference of air and earth surface temperature. It is assumed 
that the soil and pipe wall temperature does not change along the pipe axial. The 
temperature distribution of the fluid along the pipe can be calculated by applying 
conservation of energy in the fluid, the heat stored in the fluid equals to the heat 
conducted from the pipe wall. The calculated horizontal GHE exiting fluid temperature 
and disturbed soil temperature near the ground heat exchanger are validated with 
experiment data for a period of 37 days in winter operation.  
Tarnawski and Leong (1993) developed a two-dimensional finite element model 
for the horizontal GHEs by considering the moisture migration in the soil. In the ground 
surface, the solar radiation, convection, evaporation, evapotranspiration, sublimation 
and condensation, the rainfall and snow cover were considered. The logarithmic mean 
fluid temperature of the ground heat exchangers can be solved iteratively with 
simultaneous two-dimensional heat and moisture transfer in the ground. 
Stevens (2002) presented a finite difference numerical model to simulate the heat 
transfer between a single buried cylindrical pipe and the surrounding subsurface. He 
investigated the heat transfer difference between the circulating fluid and the subsurface 
for the steady pumping of a fluid through the pipe. Philippe et al. (2011) proposed a 
semi-analytical model to simulate the axial fluid temperatures and pipe temperatures in 
a horizontal serpentine (S-shaped) GHE. Fontaine et al. (2011) described a transient 
analytical model based on the finite line source that examines horizontally buried GHE 
pipes. The model was developed with the goal of assessing the ability of GHEs to keep 
the subsurface below a building's foundation frozen in regions of permafrost while 
providing the energy required to heat the building. However, the model does not 
directly describe the heat transfer between adjacent horizontal pipes. 
 
2.6.2 Numerical models for vertical GHE 
 
Muraya (1994) developed a finite element method to simulate vertical borehole 
GHE by using equivalent radius to calculate the heat transfer (thermal interference) 
between two pipes in a vertical U-tube GHE. This method is capable to calculate the 
pure heat conduction and, coupled heat conduction and moisture diffusion. The heat 
exchanger effectiveness is defined in this model based on soil and grout properties, 
shank spacing, far field and loop temperatures, and heat dissipation rates to account for 
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the interference between the U-tube legs.  
Yavuzturk et al. (1999) presented a transient two-dimensional finite volume 
model to simulate U-tube shaped vertical borehole GHEs. Their model is essentially an 
extension of Eskilson‟s (1987) g-function model to take into account the short-time 
behavior of borehole thermal response, where g-function is the dimensionless 
temperature response at the borehole wall, which was computed numerically. 
Furthermore, the numerical method and grid-generation techniques were validated with 
a comparable analytical model. This model is limited on a thermal conduction equation 
in polar coordinates because it does not directly simulate the thermal interactions 
between the U-pipes. Yavuzturk and Spitler (2001) modify the Yavuzturk‟s et al. 
(1999) model to include variable convective resistance, but this was done at the expense 
of modeling the thermal mass of the fluid in the borehole. 
Bi et al. (2002) proposed a numerical model for vertical double spiral coil GHEs. 
By taking advantage of the symmetry of vertical double spiral coil, the complex three-
dimensional heat conduction problem is transferred into a two-dimensional problem. 
A three-dimensional steady state finite element model is presented by Al-Koury et 
al. (2005) to describe the heat transfer between U-pipe vertical GHE with considering 
borehole grout material, adjacent grout material, the borehole grout material and the 
subsurface. Therefore, heat exchange occurs between each pipe and the grout 
surrounding that pipe and between adjacent grout segments but the model does not 
consider direct interactions between pipes.  
Li and Zheng (2009a) proposed a three-dimensional unstructured finite-volume 
numerical model of a vertical U-tube GHE. This model is capable to simulate the 
transient effect in the borehole in a short time scale. Furthermore, they improved their 
model computational accuracy by dividing the soil into several layers in the axial 
direction, which accounts for the effect of the axial change in temperature. Their 
numerical results show good agreement with experimental data. This model may be 
used for simulation of a GHE under any time step size; although its use in transient 
analysis based on a short time step (an hour or less) is preferred. 
By considering the switched on and off of a GSHP system, He et al. (2009) 
developed a three-dimensional numerical model, which simulates fluid transport along a 
pipe loop as well as heat transfer with the ground. They validate their model with 
reference to analytical models of borehole thermal resistance and also fluid transport 
inside the pipe, and compare the predicted outlet temperature with those of a similar 
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two-dimensional model and an implementation of a short time step of Eskilson‟s (1987) 
g-function model. Their model exhibits a lower heat transfer rate for a longer periods of 
operation compared to two-dimensional models. This is due to the mean temperature 
differences between the fluid and the ground being lower in the three-dimensional 
model.  
 Katsura et al. (2008) proposed and validated a three dimensional precision and 
computationally speed numerical model of a single foundation pile. Their proposed 
model is capable of calculating the heat transfer rate by temperature response for line 
heat source. Zarrella et al. (2013) developed a numerical CaRM model to investigate the 
thermal behaviors of two types of energy pile: helical and triple U-tube configurations. 
The significance of this study is to approach to analyse n-U-tubes buried in the pile. The 
helical-pipe energy pile provided better thermal performance than the triple U-tube 
configuration. On the other hand, the pressure drop in the analyzed helical-pipe energy 
pile was significantly higher (about 20 times) than that of the triple U-tube coupled in 
parallel. 
In order to reduce the installation land area, Cui et al. (2006) modified the vertical 
borehole systems into inclined borehole. They established a transient three-dimensional 
heat conduction model and solved analytically to describe the temperature response in 
the ground caused by a single inclined line source. Heat transfer in the GHEs with 
multiple boreholes is then studied by superimposition of the temperature excesses 
resulted from individual boreholes. The long term analysis shows that the temperature 
rise on the borehole wall of the inclined GHE can be 10-35% lower than of the vertical 
GHE. The analyses can provide a basic and useful tool for the design and thermal 
simulation of the GHEs with inclined boreholes. 
Lee and Lam (2008) presented the performance of borehole GHEs using a three-
dimensional finite-difference method in rectangular coordinates. Heat exchange inside 
the borehole was calculated in quasi-steady state conditions for a variable temperature 
and loading along the borehole. They concluded that, the maximum temperature occurs 
near the top part of the borehole while borehole loading reaches a minimum near the 
bottom of the borehole.  
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2.7 Description of numerical modelling with CFD FLUENT 
 
Though there are several numerical models available to thermal analysis of GHEs, 
most of them are limited to rigorous calculation of GHE performance. There are various 
types of software packages exist for detail design of GHE. GeoDesigner, WaterFurnace 
Energy analysis, Ground Loop Design are used for numerical modeling of GHE. In 
addition, different popular computational fluid dynamics (CFD) software such as 
FLUENT, CFX, STAR, CD, FIDAP, ADINA, CFD2000, PHOENICS, EnergyPlus, and 
TRANSYS etc. (Aslam et al., 2012; Soni et al., 2015) are available for modeling of 
GHE loop. Bhutta et al. (2012) reviewed CFD techniques and concluded that they are 
good tools to simulate heat exchanger design. FLUENT is widely used for extensive 
and complex design of GHE to analyze the thermal performance, the temperature 
variation of ground around the GHE (Sharqawy et al., 2009; Li et al., 2009b; 
Gustafsson et al., 2010). FLUENT is a numerical solver with modeling capabilities for 
incompressible and compressible, transient and steady-state, laminar and turbulent fluid 
flow problems. The governing equations which are used to solve the problem in 
FLUENT are described below. 
To permit modeling of all fluid flows, FLUENT solves the conservation equations 
for mass and momentum. The equation for conservation of mass, or continuity equation 
for incompressible as well as compressible flows, can be written as follows: 
  
  
   (  ⃗)                                                      (2.2) 
where,   is the fluid density, t is the time,  ⃗ is the fluid velocity,    is the source term 
of the mass added from the dispersed phase (for example, due to vaporization of liquid 
droplets) and any user-defined sources. 
 Conservation of momentum in an inertial (non-accelerating) reference frame is 
described by: 
 
  
(  ⃗)    (  ⃗ ⃗)        ( ̿)    ⃗   ⃗                        (2.3) 
where, p is the static pressure,   ⃗ is the gravitational body force,  ⃗ is the external body 
forces and  ̿ is the stress tensor is given by below: 
 ̿   *(  ⃗    ⃗ )  
 
 
   ⃗ +                                      (2.4) 
where,   is the molecular dynamic viscosity, I is the unit tensor. 
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Various modes of heat transfer can be modeled by FLUENT. Taking into heat 
transfer, FLUENT solves a variation of the energy equation that can be written as 
follows: 
 
  
(  )    ( ⃗(    ))    (       ∑    ⃗  (  ̿    ⃗) )          (2.5) 
 
where,       is the effective conductivity (    , where    is the turbulent thermal 
conductivity, defined according to the turbulence model being used), and  ⃗  is the 
diffusion flux of species, E is the total energy transported and Sh is the volumetric heat 
sources. 
Beside the fluid flow, in GHE modeling, FLUENT also solves the energy 
equation in solid regions (GHE pipe and ground soil). In solid regions, the energy 
transport equation used by FLUENT has the following form: 
 
  
(  )    ( ⃗  )    (   )                                      (2.6) 
where,   is the density, h is the sensible enthalpy ∫     
 
    
, k is the thermal 
conductivity, T is the temperature and Sh is the volumetric heat source. 
In GHE modeling, the FLUENT solver computes the heat transfer between 
working fluid and solid as a conjugate heat transfer. The heat transfer between 
fluid/solid interface occurred by the combination of conduction heat transfer through 
solids and convective heat transfer in the fluid.  
 
2.8 Conclusions 
 
In this chapter, different ground heat exchangers are discussed. GSHP systems are 
promising alternative of conventional ASHP for building heating and cooling. 
Literatures are reviewed for horizontal and vertical GHEs. Many researchers have 
conducted the thermal performance analysis of various types of GHEs in experimentally, 
numerically and analytically. Although a number of studies have focused on the 
development of different types of GHE systems, further investigation is needed to 
improvement of thermal performance. Proper design of GHE is necessary to minimize 
the initial cost of GSHP system. Knowledge about the ground thermal behavior is need 
to efficient design of GHE. Even though the heat transfer analysis of GHE is 
complicated phenomena, numerical method is effective to design complex geometrical 
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configuration of GHE. Numerical optimization of GHE will help to predict the 
performance considering varieties of parameters. 
  
 
  
 
 
Chapter 
3 
 
Performance Analysis of Slinky Horizontal  
Ground Heat Exchangers for a GSHP System 
 
 
 
3.1 Introduction 
 
The conventional sources of energy for heating and cooling of a building have 
environmental pollution issues. To reduce emissions of carbon dioxide and other 
greenhouse gases around the world, there is a good opportunity to produce energy from 
sustainable sources such as solar, wind, biomass, hydro, and ground that produce low or 
no emissions. In contrast to many other sources of energy for heating and cooling, 
which need to be transported over long distances, geothermal energy is available on-
site. A ground source heat pump (GSHP) transforms this ground energy into useful 
energy to heat and cool the buildings. Even with higher initial cost, GSHPs are the most 
efficient heating and cooling technology since they use 25% to 50% less electricity 
(Sarbu and Sebarchievici, 2014) than other traditional heating and cooling systems. In 
order to gain an understanding of how well GSHPs function after installation, analysis 
of their performance needs to be conducted (Kavanaugh and Rafferty, 1997). 
In a GSHP system, heat is extracted from or returned to the ground via a closed-
loop i.e., ground heat exchanger (GHE) buried in horizontal trenches or vertical 
boreholes. Horizontal GHEs are the common choice for small buildings if there are no 
major limitations on land since they require a larger area in comparison with vertical 
borehole heat exchangers. Horizontal GHEs are usually laid in shallow trenches at a 
depth of 1.0 to 2.0 m from the ground surface (Florides and Kalogirou, 2007; Chiasson, 
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2010; Adamovsky et al., 2015; Selamat et al., 2016). The performance of GSHP 
strongly depends on the GHE performance. Therefore, for improving the overall 
efficiency of GSHPs, the heat transfer efficiency of GHE needs to be improved by 
adopting more advanced shapes and devices. The shallow horizontal GHEs give lower 
energy output than vertical GHEs; it is best to improve the efficiency of horizontal 
GHEs by selecting different geometries of single pipes, multiple pipes, and coiled pipes. 
Since single and multiple pipes require the greatest amount of ground area and if land 
area is limited, slinky or spiral GHEs can be placed vertically in narrow trenches or laid 
flat at the bottom of wide trenches. These slinky or spiral GHEs may be used in order to 
fit more piping into a small trench area. Also, employing high thermal conductivity 
materials for horizontal GHEs and backfilling the shallow trench by moderate sand and 
soil, the required trench lengths are only 20% to 30% compared to single pipe 
horizontal GSHPs, but trench lengths may increase significantly for equivalent thermal 
performance (Kavanaugh and Rafferty, 2014). While the slinky or spiral GHE reduces 
the amount of land used, it requires more pipes, which results in additional costs. 
Therefore, slinky GHEs are the subject of many studies that are both experimental as 
well as numerical. 
The heat transfer between the GHE and adjoining ground depends strongly on the 
ground type and the moisture gradient (Leong et al., 1998), and the thermal 
performance of GHEs is affected by the change of ground temperature (Leong et al., 
1998; Naili et al., 2013). Ground temperature is a function of the soil thermal properties 
such as thermal diffusivity, thermal conductivity and the heat capacity (Florides et al., 
2013). These properties need to be known to predict the thermal behavior of GHEs. 
Many researchers concluded that the thermal conductivity of soil, velocity of heat 
transfer fluid (Song et al., 2006; Tarnawski et al., 2009; Congedo et al., 2012) and pipe 
thermal conductivity (Song et al., 2006) are key factors for the thermal performance of 
ground heat exchanger. Tarnawski et al. (2009) mentioned that the heat transfer process 
of a GHE depends on the pipe diameter, as well as on the density and specific heat 
capacity of the heat transfer fluid. Consequently, more accurate soil data will allow the 
designer to minimize the safety factor and reduce the trench length of HGHE 
installation. 
Although numerous analytical and numerical models have been developed for 
thermal analyses of slinky horizontal GHEs, only a few experimental analyses of slinky 
horizontal GHEs have been conducted. Most numerical studies assumed that soil 
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thermal and hydraulic properties are constant (Wu et al., 2010; Xiong et al., 2015; 
Selamat et al., 2016). Wu et al. (2011) and Congedo et al. (2012) numerically simulated 
the performance analysis of different slinky horizontal GHEs for GSHPs. Fujii et al. 
(2012) simulated the performance of slinky horizontal GHEs for optimum design. 
Because of the complexity of slinky heat exchanger configurations, Demir et al. (2009) 
calculated heat transfer through a horizontal parallel pipe ground heat exchanger using a 
numerical method. Selamat et al. (2015a) numerically investigated the horizontal GHE 
operation in different configurations to predict the outlet fluid temperature and heat 
exchange rate. Chong et al. (2013b) presented the thermal performance of slinky 
horizontal GHE with various loop pitch, loop diameter, and soil thermal properties in 
continuous and intermittent operation by numerical simulation. Their results indicate 
that the system parameters have a significant effect on the thermal performance of the 
system. A real scale numerical simulation of the present experimental set-up was done 
by Selamat et al. (2016) to analyze and optimize the thermal performance of different 
layouts of slinky horizontal GHEs. Thermal performance of slinky GHEs for GSHP 
systems was investigated experimentally and numerically by Wu et al. (2010) for the 
UK climate. They showed that the thermal performance of slinky heat exchangers 
decreased with running time. Adamovsky et al. (2015) experimentally compared linear 
and slinky horizontal GHEs in terms of the soil temperature, heat flows, and energy 
transferred from the soil massif, and they determined energy recovery capabilities of the 
ground massif during the stagnation (off) period. Also, due to the lack of information on 
the heat exchange capacity and long-term performance of the slinky coils, Fujii et al. 
(2010) experimentally performed long-term tests on two types of slinky coil horizontal 
GHEs and compared their results. Esen and Yuksel (2013) experimentally investigated 
greenhouse heating with slinky horizontal GHEs. To evaluate optimal parameters of the 
GHE, the effect of mass flow rate, length, buried depth and inlet temperature of water 
were examined experimentally and analytically with different horizontal configurations 
(Naili et al., 2013). However, most studies on GHE were carried out for continuous 
operation, and some researchers (Benazza et al., 2011; Jalaluddin and Miyara, 2012; 
Chong et al., 2013b; Selamat et al., 2015b) also investigated the performance of GHE in 
intermittent operations. The results indicated that the intermittent operations are 
successful to improve the thermal performance of GHE compared to continuous 
operations. 
In the present work, experimental investigations have been performed to analyze 
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the performance of slinky horizontal GHEs in the heating mode of continuous and 
intermittent operations. In order to compare the thermal performance of the slinky 
horizontal GHEs, the GHEs were installed at a depth of 1.5 m in the ground with two 
orientations: reclined (loops are parallel to ground surface) and standing (loops are 
perpendicular to ground surface). Water was considered as the working fluid. 
Thermocouples were installed in different loops of reclined GHE at 0.5 m, 1.0 m and 
1.5 m depths to monitor and analyze the ground temperature behavior with the 
operation time. In addition, to understand the undisturbed ground temperature 
distribution, thermocouples were placed at different depth positions up to 10 m depth 
between the two orientations (reclined, standing) of GHEs. At the same time, 
atmospheric air temperature was also measured. 
 
3.2  Description of the experimental set-up 
 
3.2.1 Material selection and ground soil characteristics 
 
High-density polyethylene (HDPE) tube is a recommended choice in terms of 
performance and durability for GHEs. However, copper tubing has been successfully 
used in some applications since copper tubes have a very high thermal conductivity. 
Regardless of the high thermal conductivity, copper tubes do not have the durability and 
corrosion resistance like as HDPE (Kavanaugh and Rafferty, 2014). Hence, the copper 
tubing has to be protected from corrosion. Low density polyethylene (LDPE) has 
similar properties to HDPE, but LDPE is easy to film wrap, which can be used as a 
surface protection. Furthermore, the analysis (Selamat et al., 2015c) shows that the 
effect of different tube materials is more significant in the slinky configuration of GHE. 
Therefore, instead of HDPE tubes, which are generally used for horizontal ground heat 
exchanger, copper tubes protected with a thin coating of LDPE were selected as the 
tubing of slinky horizontal GHEs in the present study. The present research was 
conducted at Saga University, Saga City, Japan. The ground sample in the Fukudomi 
area of Saga city consists of clay from 0 to 15 m in depth, and the water content of 30% 
to 150% varies with the depth (Hino et al., 2007). The thermo-physical properties of 
GHE tube materials and ground soil are listed in Table 3.1. 
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Table 3.1. Tube sizing and thermo-physical properties of materials. 
Material 
Inner  
diameter (mm) 
Outer diameter 
(mm) 
Density 
(kg/m
3
) 
Specific heat 
(J/(kg·K)) 
Thermal conductivity 
(W/(m·K)) 
Copper (inner) 
14.6 
 
15.9 8978 381 387.6 
LDPE (outer) 
15.9 
 
17.08 920 3400 0.34 
Ground: clay 
(JSME Data 
Book, 2009) 
- - 1700 1800 1.2 
 
 
3.2.2 Details of experimental set-up 
 
Experimental measurements were conducted in Saga University, Japan, for slinky 
horizontal GHEs in two orientations: reclined (parallel to ground surface) and standing 
(perpendicular to ground surface). A schematic diagram of the slinky horizontal GHE 
system is shown in Fig. 3.1. The reclined and standing slinky horizontal GHEs were 
installed 2.0 m apart from each other. The copper tube with its outer surface coated with 
LDPE was considered as the heat exchanger material. The detailed dimensions of the 
LDPE-coated copper tube are shown in Fig. 3.2(a). The loop diameter, length of trench 
and number of loop for both GHEs are 1.0 m, 7.0 m and 7, respectively. Each GHE 
consists of 39.5 m in tube length. The reclined GHE was laid in the ground at a 1.5 m 
depth and 1.0 m wide trench. On the other hand, the centers of standing GHE loops are 
located at 1.5 m depth and 0.5 m wide trench in the ground. Fig. 3.2(b) shows the 
photograph of the installation of both GHEs. After placing the GHEs inside the 
trenches, the GHEs were covered with typical Japanese sand; water was sprayed on the 
sand to reduce the void space and hence the thermal resistance around the GHEs. The 
remaining upper parts of the trenches were then backfilled with site soil and compressed 
by a power shovel. 
Pure water was considered as the heat carrier liquid flowing through the GHEs. 
The experimental setup also included water bath (consists of pump, heater & cooler), 
flow controller, mixing chamber etc. The water bath maintains a constant temperature 
water supply to the system. The flow controller measures the mass flow rate and also 
controls the flow rate. The inlet and outlet water temperatures of each GHE were 
measured using Pt100, which were installed close to the ground surface. In order to 
obtain a uniform temperature inside the tube, mixing chambers were installed before 
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each of Pt100. To monitor undisturbed ground temperature distributions, a monitoring 
hole in the middle of the two GHEs was dug in the ground to install T-type 
thermocouples at various depth positions (0.1 m, 0.5 m, 1.0 m, 1.5 m, 2.5 m, 5.0 m, 7.5 
m and 10.0 m depth) up to 10.0 m depth. After the installation of thermocouples, the 
hole was refilled by soil. For the analysis of trench ground temperature variations, T-
type thermocouples were placed in the 1st, 4th and 7th loops at 0.5 m, 1.0 m and 1.5 m 
depth, respectively, of the reclined GHE (shown in Fig. 3.1). At the same time, a digital 
thermometer was installed about 1.0 m above the ground surface to record ambient 
temperature. It is also possible to measure the pressure inside the tube by using a 
pressure sensor. The pressure difference between the inlet and outlet of the GHE is 
measured by a differential pressure sensor. Data from different measuring points are 
recorded by „Agilent 34972A‟ data logger and stored in a centrally located PC. 
 
 
 
Fig. 3.1. Schematic of experimental set-up of slinky horizontal ground heat exchangers. 
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(a) (b) 
 
Fig. 3.2. (a) Outer surface LDPE-coated copper tube; (b) Installation of slinky-coil 
ground heat exchangers. 
 
3.2.3 Experimental data analysis 
 
To investigate the performance of GHEs, the experimental heat exchange rate is 
calculated by the following equation: 
   ̇   (     ) (3.1) 
where ̇  is the flow rate of water (kg/s), Cp is the specific heat of water (J/(kg·K)), Ti 
and To are the inlet and outlet temperatures of water, respectively. 
The heat exchange rate per unit tube length or trench length of GHE is simplified 
by the following equation: 
 ̅  
 
 
 (3.2) 
where L in the total tube/trench length of GHE. 
The overall heat transfer coefficient U is defined by the relation: 
         (3.3) 
where Q is the heat exchange rate (W), U is the overall heat transfer coefficient 
(W/(m
2
·°C)), A is the heat transfer area (m
2) of GHE, ΔTLM is the logarithmic mean 
temperature difference (°C). 
To calculate the overall heat transfer coefficient from Equation (3.3) for GHE, the 
ΔTLM proposed by Naili et al. (2013) was adopted as: 
     
     
  (
     
     
)
 
(3.4) 
where, Tg is the ground soil temperature (°C). 
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3.2.4 Uncertainty analysis 
 
In the present study, the temperatures of water, ground soil and ambient air were 
measured by Pt100, T-type thermocouple and digital thermometer, respectively. Water 
mass flow rates were measured by a flow controller. The accuracy of measured data and 
the results are important issues for the reliability of data and results. Therefore, 
uncertainty is considered for the experimental measurements. The experimental 
uncertainties in this study are estimated according Holman (2012, page: 63–65). Table 
3.2 summarizes the technical specifications and experimental uncertainties. 
If u(xi) is the uncertainty of independent N set of measurements in any result 
represented by R = R(x1, x2, …, xN), then the uncertainty of the result can be calculated 
by: 
   [∑(
  
   
)
 
  (  )
 
   
]
   
 (3.5) 
 
Table 3.2. Total maximum uncertainty of measured and calculated parameters. 
Item Name and technical specifications 
of the measured equipment 
Uncertainty 
The water temperatures at the inlet and outlet of 
standing and reclined GHEs 
Pt100 
Temperature range: −200 to 600 °C 
Sensor type: Class A, 4 wire 
 
±0.15 °C 
Soil temperature in the ground T-type thermocouple 
Temperature range: −200 to 200 °C 
 
±0.5 °C 
Ambient air temperature Lutron SD Card Data Logger 
Model: HT-3007SD 
Range: 0–50 °C 
Resolution: 0.1 °C 
 
±0.8 °C 
Mass flow rate of water in standing and reclined 
GHE 
TOFCO flow meter 
Model: FLC-605 
Range: 0.5–5 L/min 
±5% 
Heat exchange rate (W/m) - ±5.8% 
Overall heat transfer coefficient, UA-value (W/°C) - ±5.5% 
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3.3 Results and discussion 
 
Based on the experiments of horizontal GHEs in the winter season, the water 
temperatures in the inlet and outlet, water flow rates and the trench loop ground 
temperatures of reclined orientation at 0.5 m, 1.0 m and 1.5 m depth were measured for 
different heating mode. The undisturbed temperatures at various depth positions of 
ground soil up to 10.0 m depth were also measured. All data were recorded in 5-minute 
intervals by using a data logger connected to a computer. In addition, the ambient 
temperature was also measured using a digital thermometer. The experimental 
conditions in continuous operations are shown in Table 3.3. All experiments were 
performed without prior operation of the system. 
 
Table 3.3. Experimental conditions in continuous operations. 
Case Operation period Inlet water 
temperature 
(°C) 
Flow rate 
(L/min) 
Average initial ground 
temperature around GHE 
at 1.5 m Depth (°C) 
Reynolds 
number 
1 23–26 February 2016 7 2 10.4 3268 
2 4–7 March 2016 7 1 10.4 1634 
3 12–21 March 2016 7 1 11.3 1634 
4 17–20 April 2016 7 1 13.7 1634 
 
3.3.1 Ground thermal behavior (undisturbed ground temperature) 
 
The temperature distributions in the ground are very important for the 
performance (Esen et al., 2007a) and sizing of the ground heat exchanger (Florides and 
Kalogirou, 2007). For the optimum performance of GHEs, it is necessary to know the 
minimum and maximum ground temperature to decide at which depth the GHE should 
be installed. Since ambient climatic conditions affect the temperature profile below the 
ground surface, ambient temperature also needs to be considered when designing a 
GHE (Florides and Kalogirou, 2007). Consequently, analysis of ground temperature 
distribution as well as ambient air temperature is required for implementation of GHEs. 
The daily average ground temperature distribution from 1 February 2016 to 31 March 
2017 at various depths up to 10.0 m is shown in Fig. 3.3. This figure also includes the 
measured ambient temperature. Figure 3.4 shows the monthly variation of ground 
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temperature up to 10.0 m depth in Saga University, Japan from February 2016 to 
January 2017. 
Figure 3.3 shows that, the ground temperature very close to the ground surface 
(0.1 m depth) has similar characteristic to ambient temperature and fluctuates strongly 
and irregularly caused by the change of ambient temperature. Ground temperature 
fluctuations decrease with increasing ground depth. From Figs. 3.3 and 3.4, it is seen 
that in the zone 1.0 m to 2.5 m, the ground temperature variation depends mainly on the 
seasonal weather conditions. Below a certain depth (about 5 m), ground temperature 
remains relatively constant, about 18 °C at 7.5 to 10.0 m depth, for example. But at the 
depth 1.5 m where the GHEs were installed in the present study, the ground temperature 
changes seasonally, which is an important parameter for present GHE performance. 
Within the whole year, the maximum variation of ground temperature at depth of 1.0, 
1.5 and 2.5 m was about 19 °C, 15 °C and 9 °C, respectively. 
 
Fig. 3.3. Measured daily average ground temperature and ambient temperature from 1 
February 2016 to 31 March 2017. 
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Fig. 3.4. Monthly variation of ground temperature from February 2016 to January 2017. 
 
3.3.2 Comparison of performance of standing and reclined slinky horizontal heat 
exchangers  
 
3.3.2.1 Inlet and outlet temperatures of circulating water 
 
The efficiency of a GSHP system depends on the temperature difference between 
the inlet and outlet of circulating fluid through the GHE. Therefore, it is desirable to 
have a higher temperature difference between the inlet and outlet for higher 
performance of GHEs. The inlet and outlet temperatures for case 1 and case 2 are 
shown in Fig. 3.5. In case 1 and case 2, the undisturbed ground temperatures between 
1.0 m to 2.5 m depth were almost same as can be seen from Fig. 3.3, with little change. 
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After the start of the experiment, the inlet water temperatures should quickly approach 
the water bath set temperature (7 °C). At the beginning of the experiment, the outlet 
temperatures of water are high for both cases 1 and 2 and gradually decrease. The outlet 
temperatures approach a nearly stable value after about 12 h of operation. Then, there 
are no significant changes in outlet temperatures for both GHEs, and the experiments 
were continued until 4 days of continuous operation to observe the steady state 
performances of GHEs. 
 
Fig. 3.5. Time variation of inlet and outlet water temperature and ambient temperature 
in heating mode during cases 1 and 2. 
 
For the same operating condition, the standing GHE showed a greater temperature 
difference between the outlet and inlet than the reclined oriented GHE for both 
operation periods. After 4 days of operation, the temperature differences between the 
outlet and inlet of the standing and reclined GHEs are 0.84 °C and 0.76 °C, 
respectively, for case 1. For case 2, the temperature differences between the outlet and 
inlet of the standing and reclined GHEs are 1.48 °C and 1.28 °C, respectively. A higher 
temperature difference between the outlet and inlet leads to a higher heat extraction 
rate. In Fig. 3.5, it is also seen that the outlet water temperature is higher for 1 L/min 
than 2 L/min. The lower mass flow rate reduces the velocity of water inside the tube. 
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Consequently, the convective heat transfer coefficient inside the tube as well as the 
overall heat transfer coefficient decreased. Consequently, the heat extraction will be 
lower for lower mass flow rate. The effects of lower heat extraction reduce the 
degradation of ground soil temperature around the GHE. The higher change in water 
temperature is affected by this low degraded ground soil temperature. As a result, the 
outlet water temperature is higher with a lower mass flow rate. For instance, the outlet 
temperatures of the standing GHE with mass flow rates 1 L/min and 2 L/min are 8.57 
°C and 7.57 °C, respectively, after 4 days of operation. 
The set temperatures of the supply water bath were 7.0 °C for both GHEs, but 
inlet temperatures fluctuate in a similar fashion as the ambient temperature. The water 
baths were inside the laboratory room, and the GHE inlet and outlet temperature 
measuring points were outside the room. The distance between the water bath and 
measuring point of the water temperature was about 10.0 m. All connecting pipes 
between water bath and GHEs were insulated, but it is difficult to ensure 100% perfect 
insulation. Therefore, some heat exchanged between the connecting pipes and 
surroundings. From Fig. 3.5, it is shown that the inlet temperature fluctuated similarly 
as the ambient temperature, as well as the outlet temperature. 
 
3.3.2.2 Heat exchange rate 
 
Figure 3.6 shows the heat exchange rates per unit tube length as well as per unit 
trench length of the standing and reclined GHEs for cases 1 and 2. At the beginning of 
the experiments, the heat exchange rates of standing and reclined GHE are high for both 
cases. This happens due to the higher temperature difference between ground soil 
around the GHE and circulating water at the beginning. After about 12 h of operation, 
the heat exchange rate declines slightly and tends to be constant. The reason is because 
with increases in the operation time, the heat extraction from the vicinity of GHE 
occurred. As a result, the surrounding ground soil thermal energy degraded and 
decreased the temperature difference between the soil around the GHEs and the 
circulating water inside the GHE. 
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Fig. 3.6. Comparison of heat exchange rate between standing and reclined oriented 
GHEs for cases 1 and 2. 
 
There is a little change in the undisturbed ground soil temperatures during cases 1 
and 2. For more comparable of cases 1 and 2, the overall heat transfer coefficient (UA-
value) has been calculated using Eq. (3.3). The 12 to 96 h average heat exchange rates 
per unit tube length and UA-value of cases 1 and 2 are presented in Table 3.4 for when 
the system had almost reached the equilibrium (12 h after starting the operation). It can 
be seen that the heat exchange rate and the overall heat transfer coefficient of standing 
GHE dominate the heat exchange rate and the overall heat transfer coefficient of the 
reclined GHE in both cases. For example, the average heat exchange rate per unit tube 
length and overall heat transfer coefficient (from 12 to 96 h operation) of the standing 
GHE are 3.17 W/m and 42.66 W/°C, respectively, during case 1. On the other hand, for 
the reclined GHE, the average heat exchange rate per unit tube length and overall heat 
transfer coefficient are 2.66 W/m and 35.58 W/°C, respectively, for case 1. The average 
heat exchange rate of the standing GHE is 19.1% higher than that of the reclined GHE 
during case 1. During case 2, the average heat exchange rate of the standing GHE is 
16.0% higher than that of the reclined GHE. 
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Table 3.4. Average heat exchange rate and UA-value from 12 to 96 h of operation. 
Operation Flow rate 
(L/min) 
Average heat exchange rate per unit 
tube length (W/m) 
Average UA-value (W/°C) 
Standing Reclined Standing Reclined 
Case 1 2 3.17 2.66 42.66 35.58 
Case 2 1 2.61 2.25 36.12 30.75 
 
From the ground temperature distribution in Fig. 3.3, it is seen that ground 
temperatures at 1.0 m deep and below remained almost constant for a short period of 
time, 4–5 days, for example. However, the ground temperature in deeper regions is 
higher than that of shallower regions in the winter season. As the standing GHE was 
positioned between 1.0 m to 2.0 m vertical depth, half of the standing GHE lay 
underneath the depth of the reclined GHE. In addition, from Figs. 3.3 and 3.4, it can be 
seen that the deeper half of the standing GHE was affected by higher temperature than 
the shallower half. Hence, the standing slinky horizontal GHE was affected by the 
higher ground temperature in the deeper region. This is one reason why a standing 
slinky GHE has a higher heat exchange rate. Also, in the present study, after placing the 
slinky coils inside the trenches, for the standing GHE, 1.2 m × 0.5 m ×  
7 m = 4.20 m
3
 trench volume was backfilled by typical Japanese sand. On the other 
hand, for the reclined GHE, 0.225 m × 1 m × 7 m = 1.58 m
3
 volume of trench was 
backfilled by the same type of sand. The remaining upper parts of the trenches of both 
GHEs were backfilled by site soil. Hamdhan and Clarke (2010) confirmed that the 
thermal conductivity varies with material condition and soil‟s thermal conductivity and 
was significantly influenced by its saturation and dry density. The thermal conductivity 
of clay and sand with 20% water content is 1.17 and 1.76, and at a water content of 
40%, the conductivity values are 1.59 and 2.18 W/(m·K), respectively (Hillel, 1998). 
Since the backfill volume of sand is higher for the standing GHE (4.20 m
3
) than for the 
reclined GHE (1.58 m
3
) and the thermal conductivity of sand is higher than that of soil, 
this may be another reason for the higher heat exchange rate of the standing GHE than 
the reclined GHE. The installation of slinky horizontal GHEs consists of only piping 
and excavation work. Though piping of both GHEs is the same, the excavation work 
differs, as 1 × 1.5 × 7 = 10.5 m
3
 is required for reclined orientation and 0.5 × 2 × 7 = 7.0 
m
3
 for standing orientation. In contrast to the excavation work, the standing GHE is cost 
effective.  
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Figure 3.6 also shows that the heat exchange rate for case 1 is greater than that for 
case 2. This is obviously due to increasing mass flow rate, which increases the velocity 
of water inside the tube. As a result, both the convective heat transfer coefficient and 
overall heat transfer coefficient UA-value increased. Consequently, with higher mass 
flow rate, the heat exchange rate is also higher. For the standing GHE, the average heat 
exchange rate of case 1 is 21.5% higher than that of case 2. The average heat exchange 
rate for the reclined GHE is 18.2% higher in case 1 than in case 2. Even though the 
ground temperature changes from case 1 to case 2, this result is comparable because the 
changes in average ground temperature are small (about 0.25 °C), and the GHE heat 
exchange rate is always dominated by low thermal conductivity of ground soil. 
 
3.3.3 Effect of heat extraction on ground temperature around GHE with the 
reclined slinky horizontal GHE  
 
To understand how the ground temperature around the GHE is changed with the 
heat exchanged by GHE, the reclined slinky GHE is considered for analysis. The 
ground temperature distributions of loop 1, 4 and 7 around the reclined GHE at 0.5 m, 
1.0 m and 1.5 m depth (            ) for cases 1 and 2 are shown in Fig. 3.7. Figure 
3.7 also includes undisturbed ground temperature    at 0.5 m, 1.0 m and 1.5 m depth as 
well as ambient temperature    . Since the circulating water absorbs heat in the heating 
mode of operation from surrounding ground, the surrounding ground temperatures 
around GHE gradually decrease with operation time. Also, when the heat exchange 
fluid enters the GHE, there is short-term, strong heat extraction in the leading loops 
rather than the subsequent loops. As a result, the ground temperatures around the 
leading loops decrease quicker than other subsequent loops.  
From Fig. 3.7(a)–(c), the initial trench ground soil temperatures around the GHE 
at 0.5 m, 1.0 m, and 1.5 m depths are different in the 1st, 4th and 7th loops. The reason 
is that these three loops are located in different horizontal positions (shown in Fig. 3.1), 
and the energy potential capacities of loops 1, 4 and 7 are different. Also, the 
             at 0.5 m, 1.0 m and 1.5 m depth are different from undisturbed ground soil 
temperatures of     at 0.5 m, 1.0 m and 1.5 m depth. This might be because the 
undisturbed temperatures were measured inside the original soil, but the trench was first 
backfilled by sand and site soil. Therefore, the thermo-physical properties and 
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compactness of undisturbed ground soil and trench ground soil are obviously different. 
The ground surface is affected by the grasses on the surface and by building shading 
beside the experimental location. Subsurface variables under the ground at different 
locations also play an important role in the variation of these temperatures. It is also 
seen that the             at 0.5 m and 1.0 m depths for case 2 are higher than those of 
the    at 0.5 m and 1.0 m depths. This is due to the bare surface and may be due to 
lower compactness of trench ground soil than undisturbed ground soil. The average 
ambient temperature is about 18.2 °C, which is higher than the ground soil temperature. 
As a result,            are more sensitive to ambient temperature. Despite the bare 
surface and lower compactness of trench ground soil,    is lower than    because    is 
affected by shading from a tree.  
 
 
(a) at 0.5 m depth and ambient 
Fig. 3.7. Variation of ground temperature around the reclined GHE with operation time 
in different loops and undisturbed ground temperature during cases 1 and 2. 
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(b) at 1.0 m depth 
 
(c) at 1.5 m depth 
Fig. 3.7. Variation of ground temperature around the reclined GHE with operation time 
in different loops and undisturbed ground temperature during cases 1 and 2 (continued). 
 
From Fig. 3.7(a), it can be observed that the changing tendency of trench ground 
temperatures              at 0.5 m depth are almost similar to the undisturbed ground 
temperature    at 0.5 m depth and to ambient temperature     for both cases 1 and 2. 
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The change of all of these trench ground temperatures slightly lagging behind the 
changes in ambient temperature is due to the thermal resistance of the ground material. 
   at 0.5 m depth for case 1 remains almost similar to the initial trench ground 
temperature until about 40 h of operation. After that, it starts to decrease and is greater 
than the decreases in    at 0.5 m depth. However, from Fig. 3.7(b), it is seen that    at 
1.0 m depth for the whole period of case 1 remains almost constant. Therefore, it can be 
said that the changes in the 1st loop ground temperature     at 0.5 m depth occurred 
only due to the change in ambient temperature and surrounding subsurface soil 
temperature. Similarly, the increase in    at 0.5 m depth during case 2 occurs only due 
to the increase of ambient temperature and surrounding subsurface ground soil 
temperature. Also, it can be seen from Fig. 3.7(a) that the change in trench ground 
temperatures at 0.5 m depth in the 4th loop and 7th loop occurs only due to changes in 
ambient temperature and surrounding subsurface ground soil temperature during both 
cases 1 and 2, but the impact is different in different loops. 
In Fig. 3.7(b) for case 1, the temperatures                  at 1.0 m depth remain 
constant and do not decrease due to heat extraction from surrounding soil by circulating 
water through the GHE. However, for case 2, the trench ground temperatures 
             at 1.0 m depth gradually increase with running time and display almost 
similar trends of increases in undisturbed ground temperature     at 1.0 m depth. In 
contrast to the variation in the trench loop ground temperatures at 1.0 m depth during 
cases 1 and 2, up to 1.0 m depth, which is 0.5 m above the reclined GHE, the trench 
ground temperature is not affected by GHE heat extraction, or the effect is much 
smaller than the effect of ambient temperature    and surrounding subsurface variables. 
From Fig. 3.7(c), it is seen that the trench ground temperatures           at 1.5 m 
depth start to decrease from the beginning of the experiments, but    remains constant 
from the start of the experiments for both cases 1 and 2. This is because the measuring 
points of            at 1.5 m depth were located in the ground just outside of the GHE 
coil surface as shown in Fig 3.1. On the other hand    at 1.5 m depth was measured at 
the center of the 4th loop. Since the loop diameter is 1.0 m,    at 1.5 m depth is located 
0.5 m lateral distance from the coil surface of the GHE. As a result, it takes time for 
thermal energy to be extracted by the GHE from center of the 4th loop.    decreases 
slowly compared to    at 1.5 m depth. Decreasing rates of           gradually decrease 
with operation time. This fact indicates that heat is exchanging from the surrounding 
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ground soil to the circulating water. Thus, the ground soil temperature degrades with 
operation time, and the efficiency of the GHE decreases. On the other hand,    at 1.5 m 
depth starts to decrease at about 18 and 24 h after the start of the experiments for cases 
1 and 2, respectively. In case 1,    starts to decrease earlier than case 2 because a higher 
mass flow rate through the GHE causes more heat extraction. For instance, the drop in 
temperatures              is 0.75 °C, 0.32 °C and 0.36 °C, respectively, during case 1. 
On the other hand, for case 2, the drop in              is 0.89 °C, 0.32 °C and 0.42 °C, 
respectively. Though the mass flow rates for cases 1 and 2 are only 2 L/min and 1 
L/min, if the mass flow rate would increase, then there is a possibility that the 
temperature of the ground around the GHE is affected by GHE heat extraction at longer 
distances from the GHE coils. 
The significant finding from Fig. 3.7 is that the slinky horizontal GHE can be 
installed with variable intervals of loop pitches or by reducing the loop diameter from 
the starting loop to the end loop because the impact of temperature degradation 
decreases from the starting loop to subsequent loops. This has the potential to reduce 
the excavation work and also the installation land area. 
 
3.3.4 Effect of variation of ground temperature on thermal performance of the 
reclined slinky horizontal GHE 
 
In GHE, there are many factors such as temperature of the ground soil, thermal 
conductivity, moisture content, rainfall, amount of heat exchange etc. that influence the 
GHE performance. Therefore, experimental results are compared for different ground 
soil temperatures with a constant mass flow rate through the reclined horizontal GHE. 
Figure 3.8 shows the heat exchange rates per unit tube length and per unit trench length 
for cases 2, 3 and 4. The initial average trench ground temperatures at 1.5 m depth 
around the GHE are 10.4 °C, 11.7 °C and 13.7 °C. Average heat exchange rates per unit 
tube length within 4 day from beginning the experiment are 2.36 W/m, 3.43 W/m and 
5.36 W/m, respectively, for cases 2, 3 and 4. The average increased heat exchange rates 
are 45.3% and 127.3% for cases 3 and 4 respectively, compared to case 2. With lower 
ground soil temperature, the ground becomes saturated quickly (case 2), prone to heat 
extraction. But when the ground soil temperature is higher, the GHE is capable of 
continued higher heat extraction (case 3 and 4). It is obvious that the heat extraction rate 
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increases with the increase in ground temperature, but not linearly because the variation 
pattern of trench ground soil temperature is not similar to the variation of undisturbed 
ground soil temperature. 
 
Fig. 3.8. Heat exchange rate of reclined GHE for cases 2, 3 and 4. 
 
For better understanding of the effect of variation in ground temperature on the 
thermal performance of GHE, Fig. 3.9 shows the temperature distribution of trench 
ground soil around the reclined GHE and undisturbed ground soil temperature. Figure 
3.9 also includes the ambient temperature and temperature difference of water between 
the outlet and inlet. The undisturbed ground temperature    at 1.5 m depth increases by 
about 2.9 °C from 4 March to 20 April 2016. However the average values of     at 1.5 
m depth are 10.4 °C, 10.8 °C and 13.2 °C from 4–7 March, 12–15 March and 17–20 
April, respectively. 
From Fig. 3.9(a)–(c) for cases 2 and 3, it is seen that              at 0.5 m depth 
change almost the same as     at 0.5 m depth and    . In addition, the variation patterns 
of               at 1.0 m depth are similar to undisturbed ground soil temperature     at 
1.0 m depth. Therefore, the trench ground soil up to 1.0 m depth might not be affected 
or only slightly affected by heat extraction in the GHE. However, for case 4, 
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             at 0.5 m depth remain almost similar compared to      at 0.5 m depth and 
    but not similar to the trend of     at 1.0 m depth. 
 
 
(a) at 0.5 m depth and ambient 
 
 
(b) at 1.0 m depth 
Fig. 3.9. Variation in ground temperature from 4 March to 20 April 2016 around the 
reclined GHE and undisturbed ground. 
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(c) at 1.5 m depth and water temperature difference between the GHE outlet and inlet. 
 
Fig. 3.9. Variation in ground temperature from 4 March to 20 April 2016 around the 
reclined GHE and undisturbed ground (continued).  
 
Average temperature differences of water between the outlet and inlet from the 
beginning of the experiment within 4 days are ΔTcase-2 = 1.4 °C, ΔTcase-3 = 1.9 °C and 
ΔTcase-4 = 2.8 °C, respectively. Since ΔTcase-4 > ΔTcase-3 > ΔTcase-2, higher heat exchange 
was experienced in case 4. The               at 1.0 m depth are affected by this higher 
heat exchange in case 4. As the higher heat extraction affects a longer distance around 
the GHE, attention should be paid to maintain an optimum distance between GHEs for 
the installation of multiple slinky horizontal GHEs. The behaviors of the drop in 
             at 1.5 m depth for cases 2, 3 and 4 are similar to the discussion pointed 
out for Fig. 3.7. 
Also, from Fig. 3.9(c), after stopping the experiment in case 3, the average trench 
ground temperatures at 1.5 m depth on days 1, 2, 3, 4 are 10.5 °C, 10.8 °C, 11.1 °C and 
11.3 °C, respectively. On the other hand, the average undisturbed ground temperature 
    at 1.5 m depth on days 1, 2, 3 and 4 is 11.2 °C, 11.2 °C, 11.2 °C and 11.3 °C, 
respectively. The trench ground temperatures at 1.5 m depth start to increase rapidly 
after stopping the experiment and continue until about 4 days, after which the trench 
ground temperature at 1.5 m depth increases gradually similar to the undisturbed ground 
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temperature. Thus, this interval can be considered the heat recovery period of ground 
soil, but it will depend on the change in undisturbed ground temperature as well as 
ambient temperature. 
 
3.3.5 Intermittent operation of reclined horizontal GHE 
 
From Figs. 3.6 and 3.8, it is seen that heat exchange rates of slinky horizontal 
GHEs are high in the initial 6–12 h and decline gradually. Since horizontal GHEs are 
installed in shallow ground, the thermal performance is prone to limitation by thermal 
saturation in the ground region (Selamat et al. 2016) and is affected by ambient air 
temperature. Selamat et al. (2016) concluded that GHEs operate effectively before 
thermal saturation becomes dominant and suggested that GHEs should operate in cycles 
or alternate cooling-heating mode to recuperate ground thermal balance. In order to 
investigate the heat exchange characteristics of GHEs with intermittent operation, the 
experiments were conducted for different intermittent operations of the heating mode 
with mass flow rate 4 L/min. The intermittent operations were performed for 12 h, 6 h 
and 2 h intervals from 10–14 February, 24–28 February and on 6 March 2017, 
respectively, for the reclined slinky horizontal GHE. Before that, the experiment was 
performed under continuous operation from 29 January to 2 February 2017 with the 
same mass flow rate. Then, thermal performances were compared between continuous 
and different intermittent operations. It was already noticed in Fig. 3.8 that the thermal 
performance of GHE depends on ground temperature. Fujii et al. (2012) introduced a 
parameter    ̅⁄  to eliminate this effect of variation of ground temperature. Since in the 
present study, the inlet set temperature was fixed to 7.0 °C, the following parameter is 
considered for intermittent performance analysis of GHE more accurately: 
 ̅   ⁄   ̅ (     )⁄  (3.6) 
where  ̅ is the heat exchange rate per unit tube length or per unit trench length, Tg is the 
undisturbed ground temperature at 1.5 m depth and To is the outlet water temperature of 
the GHE. This parameter can be called the overall heat transfer response with respect to 
the change in the temperature difference between undisturbed ground and outlet water. 
Figure 3.10 shows the time variation of  ̅   ⁄  values for different intermittent 
operations. It is seen that the  ̅   ⁄  for all intermittent operations is significantly higher 
than for the continuous operations. In the intermittent operation, the off period reduces 
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the effect of heat degradation of ground soil around the GHE; thus, the ground is 
allowed to recuperate its thermal condition during this off period. The heat regeneration 
in the off time period contributed significantly to the increase in the heat exchange rate. 
 
                             (a) 6 h and 12 h interval 
 
(b) 2 h interval 
Fig. 3.10. Time variation of  ̅   ⁄  value in different intermittent operations. 
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In order to observe the benefit of intermittent operation in contrast to continuous 
operation, the results presented in Fig. 3.10 are integrated and then compared between 
the continuous and different intermittent operations. The integral of results presented in 
Fig. 3.10 is calculated by using Eq. (3.7). 
  ∫ ( ̅   ⁄ )  
  
  
 (3.7) 
where S (W·h/(m·°C)) is the total value of  ̅   ⁄  in a cycle; t is the time (h). 
Table 3.5 shows the calculated S values for the continuous and intermittent 
operations and also includes the integral of the continuous cycle over only the same on-
periods of the intermittent operation. It is apparent that the S values (enclosed by 
ellipses) of the continuous cycle are always higher than those of the intermittent cycle. 
However, the S values (enclosed by rectangles) of over only the on-periods of a cycle 
for all of the intermittent operations are always higher than for the continuous operation. 
Therefore, the merits of the intermittent cycle can be achieved if the integral of the 
continuous cycle is considered over only the same on-periods of the intermittent 
operation. 
 
Table 3.5. Calculated value of S. 
Actual operation time Operation Period of integral S (W·h/(m·°C)) 
120 h Continuous Over the whole period 126.2 
60 h Continuous Over every 6 h interval 66.2 
60 h Continuous Over every 12 h interval 67.5 
60 h Intermittent 6 h interval 104.1 
60 h Intermittent 12 h interval 88.8 
24 h Continuous Over the whole period 37.0 
12 h Continuous Over every 2 h interval 19.6 
12 h Intermittent 2 h interval 28.2 
 
Furthermore, to show the benefits of intermittent operation from the viewpoint 
of power consumption by the circulating pump, the cycle integral value S can be 
compared on the basis of pump power consumption to circulate the water through the 
GHE. The active operation time for all of the intermittent operations is one-half of the 
continuous operations. Consequently, the pump power consumptions of the intermittent 
operations are 50% of the continuous operations. Therefore, the S value of any 
intermittent operation is less than of continuous operation, but not less than 50%. Thus, 
the intermittent operation is more efficient from the view of the pump power 
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consumption. For example, at 12 h intermittent operation, the S value is 70.4% of the 
continuous operation. At the same time the, pump power consumption for the 
intermittent operation is 50% of the continuous operation. 
With considering only on-periods of a cycle, Fig. 3.11 shows 12 h average 
percentage increases in  ̅   ⁄  for 12 h and 6 h interval operations based on continuous 
operation. From this figure, it can be seen that the percentage increases in  ̅   ⁄  during 
6 h interval operation are higher than those of the 12 h interval operation. For example, 
the 12 h average of the  ̅   ⁄  value increased 66.3% in 6 h and 38.9% in 12 h interval 
of operations on the 2nd day compared to continuous operation. In comparison with 
respect to the continuous operation, the  ̅   ⁄  increased 43.0% and 25.2% for 2 h and 6 
h interval operations, respectively, on the first day of operation. The physical 
significance of  ̅   ⁄  is that a higher value indicates a quicker overall heat transfer 
response. From this comparison, it can be concluded that there is a good opportunity to 
operate slinky horizontal GHEs in intermittent mode, which will significantly increase 
the performance. During the off period, supplemental sources (air source, for example) 
can be used to meet the continuous heat demand. 
 
Fig. 3.11. Percentage increases in  ̅   ⁄  (12 h average) for 12 h and 6 h interval 
operations based on continuous operation. 
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3.4 Conclusions 
 
The experimental thermal performances of slinky horizontal GHEs (standing and 
reclined orientation) have been measured in different heating modes. The experimental 
results highlighted the comparison of the performances of standing and reclined 
orientation, effects on ground temperature around the reclined GHE due to heat 
extraction, and the effect of variation in ground temperature on reclined GHE 
performance. The thermal performance improvements by intermittent operations of 
GHE are also discussed. Moreover, the temperature distributions of the undisturbed 
ground and ambient temperature are also measured. 
The measured undisturbed ground temperature information provides a useful 
indicator of the installation of GHEs at a suitable depth for heating and cooling 
purposes. 
A higher heat exchange rate of the standing GHE compared to the reclined GHE 
was observed. The average heat exchange rate is 16.0% higher for the standing slinky 
GHE than the reclined slinky GHE at a flow rate of 1 L/min. For the mass flow rate 2 
L/min, the average heat exchange rate of the standing GHE is 19.1% higher than the 
reclined GHE. In addition, the calculated overall heat transfer coefficient UA-value 
signifies the customary sizing of slinky GHEs for different ground soil temperatures 
and operating conditions. It can be suggested that slinky GHEs in standing orientation 
would require more significant backfilling by using high thermal conductivity material. 
With respect to excavation work, standing slinky GHEs are cost effective compared 
with reclined slinky GHEs. 
The trench ground temperature variation of different loops around the GHE 
decreased from starting loop to subsequent loops. Since the impact of the heat exchange 
rate on ground temperature variation decreases from the starting loop to subsequent 
loops, slinky GHEs can be installed with a gradually sinking loop pitch from the 
starting loop to the end loop. This has the potential to reduce the installation land area 
as well as the excavation work. 
For the mass flow rate of 1 L/min with inlet water temperature 7 °C, the 4-day 
average heat extraction rates increased 45.3% and 127.3%, respectively, when the initial 
average ground temperatures at 1.5 m depth around reclined GHE increased from 10.4 
°C to 11.7 °C and 10.4 °C to 13.7 °C. This is not a linear relationship because the 
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variation pattern of the trench ground soil temperature is not similar to the variation in 
the undisturbed ground soil temperature.  
The ground temperature degradation can be recovered by the intermittent 
operation of the GHE. The intermittent operation exhibited a great potential to boost the 
thermal performance of the slinky GHE. From the viewpoint of the overall heat transfer 
response parameter ̅   ⁄ , a short time interval of intermittent operation is better than a 
long time interval of intermittent operation. It is apparent that the cycle integral value of 
 ̅   ⁄  for the continuous operation is always higher than that of the intermittent 
operation. However, the merits of the intermittent cycle can be achieved if the integral 
of  ̅   ⁄  for the continuous cycle is compared over only the same on-periods of 
intermittent operation. Furthermore, from the viewpoint of power consumption by the 
circulating pump, intermittent operation is more efficient than continuous operation.
  
 
  
 
 
 
Chapter 
4 
 
Analysis of Optimum Slinky Loop Arrangement  
for Horizontal Ground Heat Exchanger 
 
 
 
4.1 Introduction 
 
Ground source heat pump (GSHP) systems have been widely applied since early 
20th century (Ingersoll and Plass, 1948; Johnston et al., 2011). After that, numerous 
experimental and numerical researches have been conducted to investigate the 
performance of different GSHP systems (Leong et al., 1998; Esen et al., 2007a; Pulat et 
al., 2009). In a GSHP system, heat exchange between ground and working fluid occurs 
in a set of pipes buried vertically or horizontally in the ground (Yuan et al., 2016). The 
vertical GHEs are widely used because they require small land area of installation and 
significantly higher energy performance compared to horizontal GHEs (Banks, 2008). 
However the vertical GHEs are generally more expensive to install than horizontal 
GHEs (Kavanaugh and Rafferty, 2014). On the other hand, horizontal GHEs are more 
cost effective to install if there are no major limitations on land. Since horizontal GHEs 
are usually laid in shallower trenches at a depth of 1.0 to 2.0 m (Florides and Kalogirou, 
2007; Adamovsky et al., 2015), the disadvantage should be considered because the 
horizontal GHEs are highly affected by ambient conditions. Thus the shallow horizontal 
GHEs give lower energy output than vertical GHEs. It is best opportunity to improve 
the efficiency of horizontal GHEs by selecting of different modified geometries from 
single pipe, multiple pipes, and slinky or spiral pipe (Kavanaugh and Rafferty, 2014). 
Slinky horizontal GHE with modified design can be adopted to increase the 
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performance and to reduce the installation land area and installation cost.  
By using measured thermophysical properties of soil, Wu et al. (2010) 
numerically investigated the thermal performance of slinky horizontal coupled GSHP 
system for different loop diameters and slinky loop interval distances. The numerical 
prediction concluded that, there was no significant difference in the heat extraction of 
the slinky heat exchanger at different loop diameters. The heat extraction rate per unit 
trench length decreased with the increase of the loop interval distance. Fujii et al. 
(2010) reported the long term air conditioning tests on two types of slinky horizontal 
GHEs in which the loops are parallel and perpendicular to the ground surface. They 
concluded that, parallel installation results better performance than perpendicular 
installation of slinky GHE. Congedo et al. (2012) numerically investigated the thermal 
performance of three types of horizontal GHEs, linear, helical and slinky and observed 
that, helical GHE provide best performing followed by linear and slinky GHEs. They 
also reported that, the most important parameters for the performance are thermal 
conductivity of ground. And in the region between 1.5 m to 2.5 m, there is a little effect 
of the depth of the horizontal GHE on the system performance. Chong et al. (2013b) 
presented the numerical results for the horizontal slinky GHE to investigate the effects 
of different loop pitches, loop diameters, ground thermal properties. The results 
indicated that, system parameters have a significant effect on the thermal performance 
of the system. Adamovsky et al. (2015) compared the analysis of soil temperature, heat 
flows and energy transferred from the soil massif via a linear and slinky horizontal 
GHE. They observed that the specific heat transferred from the ground massif is 
significantly lower with the linear GHE than with the slinky GHE type. Xiong et al. 
(2015) developed and validated an analytical ring source solution to calculate heat 
transfer rate and exiting fluid temperature with a given entering fluid temperature for 
both parallel and perpendicular loop orientation of horizontal slinky GHE. Yoon et al. 
(2015a) experimentally investigated the heat exchange rate of horizontal slinky, spiral 
coil and U-type GHEs and showed that the U-type GHE has highest heat exchange rate 
per unit tube length. They also tested the effect of loop pitch interval and concluded that 
the heat exchange rate per unit tube length is higher for long pitch interval than short 
pitch interval in both horizontal slinky and spiral coil type GHEs. Kim et al. (2016) 
conducted experimental and numerical investigation to evaluate the heat exchange rates 
of horizontal slinky and spiral coil type GHEs. The result indicated that, GHE type and 
soil thermal conductivity are the main factors to determine the heat exchange rate of a 
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GHE, whereas the tube diameter does not have any effect on the GHE performance. 
Selamat et al. (2016) numerically investigated the feasibility of horizontal GHE in 
different layouts and tube materials for an equal trench length. They compared the 
results among the different layouts of slinky GHE and with straight horizontal GHE. 
They concluded that, the different GHE layouts and tube materials or in combination 
could be used a guide in designing of horizontal GHE installations.  
As mentioned above, most studies on slinky horizontal GHE carried out to focus 
the effect of pipe diameter, loop diameter, loop central interval (loop pitch), pipe 
material, soil type, horizontal and vertical orientations. To make full use of available 
ground area around GHE, horizontal slinky GHE can be installed as a geometric 
sequence of loops by considering variable loop pitch interval. Therefore, in the present 
study there is an attempt taken to modify the uniform distribution of loops by a 
geometric sequence such that gradually decreasing the loop pitch interval from starting 
loop to end loop. This modified distribution of loops may improve the performance of 
the slinky horizontal GHE.  
 
4.2 Models and simulation methods  
 
4.2.1 Mathematical description of physical model 
 
For the mathematical description of physical models, a schematic of geometric 
parameters of slinky horizontal GHE are shown in Fig. 4.1. 
 
Fig. 4.1. Geometric parameters of slinky horizontal GHE. 
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As a parameter to express the slinky loop distribution, a pitch reduction factor (r) 
is defined as follows. The slinky horizontal GHE loops can be distributed by a 
geometric sequence such that after the first loop pitch (P1) is obtained, the preceding 
next loop pitch cab be obtained by multiplying the first loop pitch by a constant called 
the common ratio (pitch reduction factor) which is denoted by r. The pitch reduction 
factor (r) can be calculated by: 
   
  
  
 
  
  
   
  
    
      (4.1) 
where, P1 is the loop pitch between 1st and 2nd loop, P2 is the loop pitch between 2nd 
and 3rd loop and so on, N = I – 1 (number of loop pitch) and I is the total number of 
loop in slinky horizontal GHE. 
To find the nth term of loop pitch with initial value P1 and common ratio r, 
following formula is used: 
       
                                                     (4.2) 
Applying the following formula, the sum of the length LN of loop pitches can be 
obtained: 
    
  (   
 )
   
       for                                            (4.3a) 
                    for                                            (4.3b) 
Then the total trench length L can be calculated by: 
      (
 
 
  )                                                  (4.4) 
where, D is the loop diameter of the slinky GHE. 
  In the present study, slinky loop diameter D, total number of loop I and trench 
length L are fixed as 1 m, 7 and 7 m respectively. The slinky horizontal GHE models 
are characterized by geometric sequence of loop pitch using Eqs. (4.1)–(4.4). For a 
comparative study of the thermal performance of slinky horizontal GHEs, two kinds of 
approaches are designated such as: 
  Approach 1: sequential loop pitch reduction. In this approach, for a given value 
of LN, r and N, the P1 is calculated from Eq. (4.3a). After getting the P1, the other 
preceding loop pitches of slinky GHE can be obtained from Eq. (4.2).  
For example, when L = 7, D = 1, then from Eq. (4.4), LN = 6. Now for given value 
of LN = 6, N = 6 and r = 0.95, from Eq. (4.3a), P1=1.132 and from Eq. (4.2), P2 = 1.075, 
P3 = 1.022, P4 = 0.971, P5 = 0.922, P6 = 0.876.  
  Approach 2: two step pitch reduction. In this approach, the sum of length (LN) of 
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loop pitches is subdivided into two lengths L1 and L2. The L1 is calculated instead of P1 
by using Eq. (4.3a) with N = 2 (number of subdivision) and for a given value of LN and 
r. Then L2 is calculated instead of P2 from Eq. (4.2) with replacing P1 by L1. These 
subdivided lengths L1 and L2 are then equally distributed into (I–1)/2 loop pitches, 
respectively.  
For example, when L = 7, D = 1, then from Eq. (4.4), LN = 6. Now for given value 
of LN = 6, N = 2 and r = 0.90, from Eq. (4.3a), L1 = 3.159 and from Eq. (4.2), L2 = 
2.844. Subsequently, P1 = P2 = P3 = 3.159/3 = 1.053 and P4 = P5 = P6 = 2.844/3 = 
0.948.  
  Usually, the heat transfer is larger in leading loops of slinky GHE and gradually 
decreases to the trailing loops. To make sure homogeneously utilize the heat transfer 
area around the GHE, approaches 1 and 2 can be employed to ensure large ground area 
around leading loops. Slinky loop arrangement according approach 1 with large number 
of loops will make too much enlarge loop pitch interval in leading loops and too much 
denser overlapping loop tube in trailing loops. Therefore, the heat transfer area of 
ground around leading will be very large and in trailing loops will be very small. 
Consequently, it will make adverse effect on the thermal performance of slinky GHE. 
On the other hand, slinky GHE consisting large number of loops can be subdivided in 
groups step by step according to approach 2. Therefore, according to approach 2, slinky 
loop installation easy by subdividing the loops into two groups or more than two 
groups. Table 4.1 presented the configurations of all of models according to various 
loop pitch arrangements. The geometric views for all of physical models are shown in 
Fig. 4.2.  
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Table 4.1. Slinky GHE models configuration 
Case  
Pitch 
reduction 
factor (r) 
Loop pitch (P) 
P1 P2 P3 P4 P5 P6 
 - m m m m m m 
Approach 
1 
  
     
1 1.00 1.000 1.000 1.000 1.000 1.000 1.000 
2 0.95 1.132 1.075 1.022 0.971 0.922 0.876 
3 0.90 1.280 1.152 1.037 0.933 0.840 0.756 
4 0.80 1.626 1.301 1.041 0.833 0.666 0.533 
5 0.70 2.040 1.428 1.000 0.700 0.490 0.343 
6 0.60 2.518 1.511 0.907 0.544 0.326 0.196 
Approach 
2 
  
     
7 0.90 1.053 1.053 1.053 0.948 0.948 0.948 
8 0.80 1.112 1.112 1.112 0.889 0.889 0.889 
9 0.70 1.177 1.177 1.177 0.824 0.824 0.824 
10 0.50 1.333 1.333 1.333 0.667 0.667 0.677 
11 0.25 1.600 1.600 1.600 0.400 0.400 0.400 
 
 
Fig. 4.2. Schematic diagrams for different arrangements of slinky GHEs. 
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Fig. 4.2. Schematic diagrams for different arrangements of slinky GHEs (continued). 
 
4.2.2 Numerical description of physical model 
 
All of slinky GHE model comprises of seven loops with loop diameter 1.0 m. The 
total tube length of each GHE model is 39.5 m. The GHE models are laid parallel to the 
ground surface at 1.5 m deep trench into the ground. Even though the high density 
polyethylene (HDPE) is usually used as GHE tubing material (Kavanaugh and Rafferty, 
2014), in the present study, copper tube of which outer surface is protected with a thin 
coating of low density polyethylene (LDPE) was selected as tube material of GHE to 
validate the simulation model with existing experimental facility consisting similar 
GHE tubing material. Then, the subsequent simulations were carried out to investigate 
the thermal performance improvement with modified arrangement of slinky loops. Inner 
and outer diameter of the copper tube is 14.6 and 15.9 mm respectively. The thickness 
of the LDPE coating is 0.59 mm. The dimensions for each model analysis domain are 
12 m length, 6 m wide and 5 m deep. The ground sample in the Fukudomi area of Saga 
City, Japan consists of clay from 0 to 15 m in depth, the water content of 30 to 150% 
that varies with the depth (Hino et al., 2007). Thermophysical properties of clay (JSME 
Data book, 2009) with water content 27.7% are shown in Table 4.2. The water content 
of soil is an indicator of the amount of water present in soil. The water content is the 
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ratio of the mass of water in soil to the mass of dry soil. The effect of rain infiltration 
and groundwater advection were not considered in the simulation. Pure water was 
considered as working fluid with constant properties. The thermophysical properties of 
materials and working fluid used in simulation models are listed in Table 4.2.  
 
Table 4.2. Thermophysical properties of materials 
Material  Density Specific heat Thermal conductivity 
 kg/m
3
 J/(kg·K) W/(m·K) 
Copper 8978 381 387.6 
LDPE 920 3400 0.34 
Ground: clay**  1700 1800 1.2 
Water 998.2 4182 0.6 
**(JSME Data book, 2009) 
 
The example pattern of mesh for case 1 is shown in Fig. 4.3. The meshes consist 
of the working fluid water, GHE tube and the ground soil. In order to reduce the 
number of the total mesh and obtain an accurate result, the mesh around and inside the 
GHE tube was densified, while the mesh size far away from the GHE tube was 
gradually enlarged. For all of other cases of the model, similar technique of mesh 
generation is applied.  
 
Fig. 4.3. Example pattern of mesh and analysis domain. 
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4.2.3 Initial and boundary conditions 
 
Ground surface heat flux has a strong influence on horizontal GHE operation due 
to the position at shallow depth (Selamat et al. 2016). In the top surface of simulation 
domain, heat flux boundary condition is applied which was measured in Saga 
University, Japan from June 30, 2016 to July 6, 2016 as shown in Fig. 4.4. The ground 
temperature around the GHE affected by GHE heat flow is within around 0.8 m from 
the tube edge (Wu et al., 2010; Selamat et al. 2016). Hence the outer boundaries at all 
side walls and bottom of the analysis domain are sufficient distance and assumed as no 
heat flux boundaries. The initial ground temperature profile was assumed to similar 
with the ground temperature measured on June 30, 2016. Then the simulation models 
were initialized with the temperature profile shown in Fig. 4.5. The inlet water 
temperature was set to 27 °C; the inlet and outlet were considered as the velocity-inlet 
and outflow. 
 
Fig. 4.4. Ground surface heat flux measured at Saga University, Japan from June 30, 
2016 to July 6, 2016. 
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Fig. 4.5. Ground temperature profile used for initial condition of simulation, measured 
on June 30, 2016 at Saga University, Japan. 
 
4.2.4 Numerical simulation setup 
The numerical simulations were carried out by using the commercial CFD 
software ANSYS FLUENT 17.2. In this software, solution of simulation is undertaken 
by solving conservation equations for continuity, momentum and energy. CFD 
simulation for all cases was performed under cooling mode of 7 days continuous 
operation. The mass flow rate of 4 L/min and corresponding Reynolds number is 6536 
and hence flow is turbulent. Pressure-based transient option was applied. The Coupled 
algorithm was used for the velocity-pressure coupling. To describe the fluid flow field, 
finite-volume formulation was used to solve the Navier-Stokes equation. Since heat 
transfer fluid in the simulation models is incompressible fluid water, hence the 
Realizable k−ε model with enhanced wall functions was considered for the turbulent 
flow.  
 
4.3 Model validation with experimental data 
 
In order to verify the suitability of the use of the numerical analysis, the results of 
numerical simulation are needed to compare with the experimental data. The simulation 
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result of the case 1 is compared with the experimental result. After validation of case 1, 
simulations of all other cases were conducted by applying similar technique. The 
experimental facility is described in following section 4.3.1. 
 
4.3.1 Experimental facility 
 
The field test data from an experimental facility is used to verify the numerical 
model. Figure 4.6 shows the schematic of experimental setup conducted in Saga 
University, Japan. The experimental setup consists of slinky horizontal GHE. The 
slinky GHE comprises of seven loops with loop diameter 1.0 m and pitch of the loops is 
equal to the loop diameter.  The total length of the GHE is 39.5 m. The GHE is laid at 
1.5 m deep trench into the ground in open space beside an office building. Copper tube 
of which outer surface is protected with a thin coating of LDPE was selected as tube 
material of GHE. The copper tube inner and outer diameters are 14.6 and 15.9 mm 
respectively. The thickness of the LDPE coating is 0.59 mm. A water bath (consists of 
circulating pump, heater & cooler) maintains constant temperature water supply to the 
GHE. The flow controller measures the mass flow rate and also controls the flow rate. 
The inlet and outlet water temperature are measured by using Pt100. The undisturbed 
ground temperatures at various depths up to 10 m depth are measured by using T-type 
thermocouples. In addition, the ground surface flux is measure by heat flux meter. Data 
from different measuring points are recorded by „Agilent 34972A‟ data logger and 
stored in a centrally located PC. 
 
Fig. 4.6. Schematic diagram of the experimental facility. 
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4.3.2 Model validation 
 
The experiment was conducted from June 30, 2016 to July 6, 2016 in continuous 
operation with mass flow rate 4 L/min and inlet water temperature of 27 °C. In order to 
compare the test results with those of the numerical analysis, identical material 
properties, including the boundary conditions were applied in simulation program. The 
heat exchange rate of GHE is calculated by following equation: 
                                       ̇           (4.5) 
where, ̇  is the mass flow rate (kg/s),    is the specific heat of water (J/(kg·K)),   is 
the difference between inlet and outlet water temperature. 
  The heat exchange rate per unit trench/tube length of GHE is simplified by 
following equation: 
  ̅                                                                (4.6) 
where, L is the trench/tube length (m). 
Figure 4.7 shows the outlet water temperature of experimental data and simulation 
result for the same inlet water temperature. The inlet water temperature should have 
been constant in the experiment. However, in the experiment, the inlet water 
temperature of the circulating water was slightly fluctuating due to ambient effect. 
Thus, in the numerical program, the inlet water temperature was also set as similar to 
that of the experiment as shown in Fig. 4.7. It can be seen from this figure that the outlet 
water temperature of experiment and simulation have similar trend and almost same 
values.  
Figure 4.8 presents the heat exchange rate per unit trench length and per unit tube 
length for experimental result and simulation result. The 7 days average of the heat 
exchange rate per unit trench length for experimental result is 26.1 W/m. On the other 
hand the 7 days average heat exchange rate of simulated result is 25.8 W/m. The 
deviations of heat exchange rate between experimental result and simulated result is 
1.16%. Both results of outlet water temperature and heat exchange rate confirm that 
there is good agreement of simulation model with experimental operation. 
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Fig. 4.7. Comparison of outlet water temperature between experiment and simulation 
result. 
 
 
Fig. 4.8. Comparison of heat exchange rate between experiment and simulation 
result. 
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4.4 Results and Discussion 
 
Performance analyses of slinky horizontal GHEs were conducted for the cases 
listed in Table 4.1. To compare the performance of different slinky horizontal GHE 
models, a parametric study based on the verified numerical analysis was performed for 
each model. The results of the each simulation model are presented on the basis of 
outlet water temperature and heat exchange rate. The performance of GHEs was 
evaluated for cooling mode of 7 days continuous operation with inlet water temperature 
27 °C. 
 
4.4.1 Comparison of outlet water temperature 
 
It is desirable for a GHE that, the temperature difference between inlet and outlet 
should be as much as possible to obtain a higher performance. Figure 4.9 shows that the 
outlet water temperature for all the eleven cases. Recall that inlet water temperature is 
27 °C for all of the cases. At the beginning, the outlet temperature is low and quickly 
increases for all of the cases and approaches to nearly stable value after about 2 days of 
operation. At the beginning of operation, the temperature difference is relatively high 
between water inside the GHE and ground soil. Therefore, the water releases more heat 
to the ground soil in cooling mode and water temperature is low at the beginning. With 
the increase of operation time, the outlet temperature increases slowly for all of the 
cases. This happens because with the increases of operation time, the water releases 
heat to the ground soil and hence, the ground soil temperature around the GHE 
increases gradually. As a result, the temperature difference between water inside the 
GHE and ground soil around the GHE decreases which results in an increases of outlet 
temperature. It is also seen that, the outlet temperature for all of the cases suddenly little 
increases at the middle of every day time. This occurs due to the high heat flux on the 
top surface of the ground at middle of day time as can be seen from Fig. 4.4. 
Consequently the water inside the vertical entering and leaving parts of the GHE tube is 
affected by this high heat flux near the ground surface. The outlet water temperature is 
lowest of case 4 for approach 1 and of case 10 for approach 2. For instance, after 7 days 
of operation, the outlet temperature for case 1 is 26.47 °C, 26.43 °C for case 2, 26.37 °C 
for case 3, 26.35 °C for case 4, 26.40 °C for case 5, 26.48 °C for case 6, 26.48 °C for 
case 7, 26.42 °C for case 8, 26.38 °C for case 9, 26.33 °C for case 10 and 26.41 °C for 
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case 11. The outlet temperature represents the impact of GHE thermal response. Lower 
value of the outlet temperature for cooling mode of operation signifies that, heat is well 
transferred to the ground soil and confirms higher temperature difference between inlet 
and outlet. By the time of 7 days operation, after which the outlet temperature reached 
almost steady state, the above mentioned outlet temperature after 7 days of operation is 
significant to distinguish the performance of cases from each other. 
 
(a) Approach 1 
 
 
(b) Approach 2 
 
Fig. 4.9. Outlet water temperature with operation time. 
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(a) Approach 1 
 
(b) Approach 2 
 
Fig. 4.10. Loop exit water temperature distribution after 7 days of operation 
 
Figure 4.10 shows the loop exit temperature of water for all of the cases after 7 
days of operation. It can be seen that, the loop exit temperatures are decreasing from 
starting loop to end loop which indicate that, the heat is rejecting from water inside the 
GHE to ground soil. When the water enters in the GHE, there is a high heat rejection in 
the leading loops rather than the subsequent loops. As a result, loop exit temperatures of 
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the leading loops decrease quicker than other subsequent loops. Loop exit temperatures 
are lower in leading loops with large loop pitch interval (cases 3, 4, 5, 6, 9, 10 and 11). 
On the other hand, loop exit temperatures are little higher in the trailing loops with too 
densified overlapping loop (cases 6 and 11).   
 
4.4.2 Performance analysis on the basis of approach 1 
 
Figure 4.11 shows the time variation of heat exchange rate per unit trench length 
and per unit tube length for cases 1 to 6. The heat exchange rate per unit trench length 
throughout the GHE after 7 days of continuous operation for different cases is shown in 
Fig. 4.12. Figure 4.12 also included the heat exchange rate per unit trench length in the 
return tube. It is seen from Figs. 4.11–4.12 that, the heat exchange rate is highest for the 
case 4 (r = 0.8) and lowest for the case 6 (r = 0.6). For example the heat exchange rate 
per unit trench length after 7 days of continuous operation for case 4 is 25.87 W/m, 
25.18 W/m for case 3 (r = 0.9), 23.78 W/m for case 5 (r = 0.7), 22.99 W/m for case 2 (r 
= 0.95), 21.10 W/m for case 1 (r = 1.0) and 20.75 W/m for case 6. Even though the total 
trench length and tubing for all of the cases are same, case 4 yields highest heat 
exchange rate due to the modified arrangement of slinky loops. The other modified 
arrangements of slinky loops such as cases 3, 5 and 2 follow this trend of increase of 
heat exchange rate compared to uniform distribution of slinky loops (case 1). But case 6 
does not lead to improve the performance with compared to case 1. Furthermore Fig. 
4.13 show the average heat exchange rates per unit trench length at 1st day and from 1st 
to 7th day for the cases 1 to 6.  The 1st to 7th day average heat exchange rate increases 
of 18.5% for case 4, 15.8% for case 3, 10.6% for case 5 and 7.5% for case 2 compared 
to case 1. However for case 6, the heat exchange rate slightly decreases of 1.1% 
compared to case 1. The heat exchange rates per unit trench length after 7 days of 
operation through the return tube for cases 1 to 6 are almost same as about 3.6 W/m, 
just a little higher value for case 6. 
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Fig. 4.11. Variations of heat exchange rates with operation time (approach 1). 
 
 
Fig. 4.12. Heat exchange rate after 7 days continuous operation for different cases 
where r indicates the pitch reduction factor (approach 1). 
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Fig. 4.13. Average heat exchange for different cases (approach 1). 
 
The results based on approach 1 indicate that, the arrangement of loops of slinky 
GHE with a too small loop pitch interval reduction (case 2) looks like uniform 
distribution of slinky loops (case 1). Therefore, the thermal performance improvement 
of case 2 is not significant. Furthermore, slinky loop arrangement with too large 
reduction of loop pitch interval (case 6) makes too much enlarge loop pitch interval in 
leading loops and too much denser overlapping loop in trailing loops. As a result, the 
slinky GHE cannot utilize homogeneously the ground area around the GHE. 
Consequently, the performance of case 6 is lower than case 1. On the other hand, the 
arrangements of slinky loops with medium value of loop pitch reduction factor would 
provide a better thermal performance improvement because of evenly utilize the heat 
transfer area around the GHE. It is also evident that, almost one half tube length of the 
slinky GHE is covered by arrival and return pipe. The remaining one half tube length 
influences the thermal performance improvement if proper modified arrangement of 
loop can be selected. 
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4.4.3 Performance analysis on the basis of approach 2 
 
Figure 4.14 shows the time variation of heat exchange rate per unit trench length 
and per unit tube length for case 1 and cases 7 to 11. Figure 4.15 shows the heat 
exchange rate per unit trench length throughout the GHE and through the return tube 
after 7 days continuous operation for different cases. In approach 2, highest heat 
exchange rate is experienced for the case 10 (r = 0.5) and lowest for the case 7 (r = 0.9). 
For example the heat exchange rate per unit trench length after 7 day of continuous 
operation for case 10 is 26.72 W/m, 25.48 W/m for case 9 (r = 0.7), 23.69 W/m for case 
11 (r = 0.25), 22.90 W/m for case 8 (r = 0.8), 21.10 W/m for case 1 (r = 1.0) and 20.87 
W/m for case 7. The cases 8, 9, 10, 11 yields better heat exchange rate compared to the 
case 1. The 1st day and from 1st to 7th day average heat exchange rates per unit trench 
length for case 1 and cases 7 to 11 are shown in Fig. 4.16. It can be seen that, the 1st to 
7th day average heat exchange rate increases of 22.2% for case 10, 17.4% for case 9, 
10.2% for case 11 and 7.2% for case 8 compared with the case of 1. On the other hand, 
heat exchange rate slightly decreases of 0.8% compared to the case of 1. After 7 days of 
operation, the heat exchange rates per unit trench length through the return tube for all 
of the cases in approach 2 are almost similar to approach 1 as about 3.6 W/m. 
 
Fig. 4.14. Variations heat exchange rates with operation time (approach 2). 
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Fig. 4.15. Heat exchange rate after 7 days continuous operation for different cases 
where r indicates the pitch reduction factor (approach 2). 
 
 
Fig. 4.16. Average heat exchange rates for different cases (approach 2). 
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The thermal performance analysis based on the approach 1 and approach 2 suggests 
that, the loops of slinky GHE can be distributed using pitch reduction factor. This fact 
will improve the thermal performance of slinky GHE.  However, in present study, all of 
the slinky GHE models are consisted of only 7 loops which may not be sufficient for 
large building load demand. In practical application of slinky GHE for large residential 
or commercial building, similar to approaches 1 and 2 of slinky loop pitch reduction can 
be applied for improving the performance of slinky GHE. Consequently the slinky GHE 
with large number of loops can be distributed in trench using sequential or step by step 
pitch reduction factor. 
 
4.4.4 Comparative study between cases 1, 4 and 10  
 
Figure 4.17 shows the temperature distribution of ground soil for the cases 1, 4 
and 10 after 7 days of continuous operation at 1.5 m depth in ZX plane. It does not 
matter that the loop temperature oscillates high and low in each of the loop. Because, 
even though the GHEs are laid at 1.5 m depth in the ground, some portion of each loop 
tube lay below and above the ZX plane at 1.5 m depth. Therefore the water temperature 
is not fully superimposed in this ZX plane and ground temperature shows oscillation 
high and low. 
For the case 1, the impact of temperature degradation decreases gradually from 
leading loop to trailing loop due to the uniform distribution of slinky loops. For the 
cases 4 and 10, the temperature degradation is stronger in trailing loops because of more 
densely loop arrangement. There is no loop to loop interval distance through the entire 
trench length for the case 1. On the other hand, for cases 4 and 10, loop to loop interval 
distances are available in leading loops; and overlapping loops are existed in tailing 
loops. Obviously heat load in leading loops is higher during heat exchange between 
water inside the GHE tube and surrounding ground. The adequate loop intervals in the 
leading loop of cases 4 and 10 permits easy to the heat flow in ground soil. 
Consequently the heat exchange rates are higher for the cases 4 and 10 compared to the 
case 1. A similar heat flow characteristics between the GHE loops of cases 2, 3, 5, 8, 9 
and 11 improve the thermal performance of GHEs. The results also indicate that too 
much enlarge loop pitch in leading loops and too much densify loop pitch in trailing 
loops is not satisfactory for improving the performance. 
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Fig. 4.17. Temperature distribution (ZX plane at 1.5 m depth) after 7 days of operation 
for cases 1, 4 and 10. 
 
4.5 Conclusion 
 
Aiming to improve the performance of slinky horizontal GHEs with new 
arrangements of loop pitch was investigated numerically. To investigate the 
performance improvement, the slinky GHE models were employed sequentially sinking 
distribution of loops from starting loop to end loop. At first the simulation model was 
validate with experimental data. Then the performances of different arrangements of 
slinky GHE loops were investigate and compared numerically.  
Thermal performance analysis according to approaches 1 and 2 confirms that, the 
modified loop arrangement of slinky GHE by geometric sequence of loop pitch 
reduction can improve the thermal performance.  
In this study the slinky GHE consists only 7 loop, which is may be suited for load 
demand of small building. For large building or commercial purpose, the slinky GHE is 
consisted usually large number of loop. It that situation, similar to approach 2 can be 
imposed for slinky GHE loop arrangement. The total number of loop can be subdivided 
step by step according to pitch reduction factor which can help to the improvement of 
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performance of slinky GHE. 
The computational results indicate that the modified arrangement of slinky loop is 
a promising for the performance improvement. Under the present operating conditions 
and geometric parameters considered, the modified arrangement of slinky GHE loops 
offers maximum 22.2% higher heat exchange rate for case 10 compared with the 
uniform distribution of loops for case 1 within 7 days continuous operation.  
It is necessary to balance between pitch reduction factor and thermal performance 
improvement for optimum effectiveness of slinky GHE. The improvement of 
performance of slinky horizontal GHE will minimize the drawback of shallow GHE‟s 
unstable thermal performance due to ambient effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Chapter 
5 
 
Numerical Optimization of Double Tube 
Ground Heat Exchanger for GSHP 
 
 
 
5.1 Introduction 
 
Compare to conventional air source heat pumps (ASHPs), the ground source heat 
pump (GSHP) systems have high efficiency and environmental benefits (Bose et al., 
2002; Esen and Inalli, 2009; Sarbu and Sebarchievici, 2014). In recent years, GSHP 
systems are more attractive in residential and commercial buildings around the world. 
GSHP uses the ground as a heat source/sink for space heating and cooling as well as 
domestic hot-water. The ground is warmer than the atmosphere in winter and cooler in 
summer. Also the ground temperature is almost constant after a certain depth 
throughout the year. GSHP system takes this advantage of stable ground temperature 
for heating in winter season and cooling in summer season. The power consumption of 
GSHP systems is lower than ASHP systems. This energy saving effect can reduce 
global warming. However, the cost of equipment and installation are important 
consideration for economical concern. Though higher initial cost, GSHP systems are the 
most efficient heating and cooling technology since they use 25% to 50% less 
electricity (Sarbu and Sebarchievici, 2014) than other traditional heating and cooling 
systems. In order to gain an understanding of how well GSHPs function after 
installation, analysis of their performance needs to be conducted (Kavanaugh and 
Rafferty, 1997). In a GSHP system, heat exchange between ground soil and working 
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fluid takes place via a closed-loop i.e. ground heat exchanger (GHE) buried in 
horizontal trenches or vertical boreholes. The vertical GHEs, generally called borehole 
heat exchangers (BHEs) being a common choice because they required small land area 
of installation and significantly higher energy performance compared to horizontal 
systems (Banks, 2008). To overcome the excess installation cost due to oversize or 
reduction of energy saving due to under size, optimization of GEHs performance is 
necessary which will improve the overall performance of GSHP system. The main costs 
of vertical GHE consist of borehole drilling, length and diameter of GHE. Heat transfer 
analysis of borehole GHE is important to size the GHE which optimizes the 
performance (Yang et al., 2010a). 
Besides of experimental works, many researches are interested to analytical and 
numerical optimization of GHE performance analysis which helps to improve the 
thermal performance and economic efficiency of GSHP and GHE design. Analytical 
and numerical models have been reviewed (Yang et al., 2010b) to investigate BHE‟s 
performance. To maximize the thermal performance and minimize the cost, 
optimization of GHEs is an important objective function. In order to better design of 
BHEs, Khan (2004) numerically optimized different components of a GSHP system. 
Khalajzadeh et al. (2011) analytically investigated the effects of GHE design 
parameters on heat transfer efficiency. For a given heating and cooling loads, 
optimization of GSHP system was done by Sanaye and Niroomand (2009). Considering 
multi-objective optimization design of BHEs, Huang et al. (2015) proposed an 
optimization design strategy to minimize the system cost. Hence, there is good 
opportunity to simulate the GHEs numerically for optimization of performance of 
GSHP systems. Based on Kelvin's line-source theory, the International Ground-Source 
Heat Pump Association (IGSHPA) proposed BHE design methods (Bose et al., 1985). 
Zhang et al. (2016) presented an optimization design methodology in order to size and 
design borehole GHEs coupled with heat pump units and the optimized design 
parameters of BHEs. Zhang et al. (2014) mathematically modelled borehole GHE to 
optimize the design for GHEs which is favourable to lower the initial cost of the 
system. Li et al. (2017) developed a new solution to reduce the thermal interference of 
vertical U-tube GHE and validate their result with experimental data of Florides et al. 
(2013) by using ANSYS FLUENT. Jalaluddin and Miyara (2015) numerically 
evaluated the thermal performance and pressure drop of the spiral-tube GHE and 
compared with that of the U-tube GHE. They concluded that the heat exchange rate and 
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pressure drop are important parameters in design of the GSHP system. Most of all 
literatures analyzed and optimized vertical GHEs considering heat transfer rate, 
borehole length, backfill material, fluid flow rate etc. without considering pressure drop 
during optimization. Therefore in present study, optimization of size of the vertical 
double tube (coaxial) GHE was done by considering heat transfer rate and pressure 
drop.  
The three types vertical GHEs: U-tube, double-tube, and multi-tube GHEs were 
experimentally and numerically tested in the cooling mode under the same conditions 
(Jalaluddin et al. 2011; Jalaluddin and Miyara, 2012). From previous study of 
Jalaluddin et al. (2011) and Jalaluddin and Miyara (2012), it is shown that double tube 
(coaxial) vertical GHE has higher thermal performance than other U-tube and multi-
tube vertical GHEs. Therefore, the double tube vertical GHE has considered for 
optimization. The purpose of the present study is to reduce the size (inlet and outlet 
diameter) of double tube vertical GHE. Effect of the different materials on heat transfer 
and longtime operation also discussed. A series of numerical performance tests 
considering heat exchange rate and pressure drop of double tube vertical GHE models 
were evaluated and compared to each other. To compare thermal performance of double 
tube GHEs, fourteen double tube GHEs were modeled with different configurations i.e., 
different inlet and outlet diameter of GHE tube listed in Table 5.1. 
 
5.2 Simulation modelling of double tube vertical GHE 
 
5.2.1 Configurations of physical model 
 
The numerical models consist of two-dimensional axisymmetric 20 m long double 
tube vertical GHE surrounded by 22 m depth and 6 m diameter ground soil. The 
schematic diagram of the double tube GHE model is shown in Fig. 5.1. The example 
pattern of mesh of double tube GHE and ground soil is shown in Fig. 5.2. The meshes 
consist of the working fluid water, GHE tubes and the ground soil. For all of the models, 
the thickness of annular outer (inlet) stainless steel (SS) tube and circular inner (outlet) 
polyvinyl chloride (PVC) tube were 5 mm and 4 mm respectively. Due to the 
axisymmetric of the problem domains, only half of the working fluid, GHE tube, and 
the ground soil were modeled in two-dimensional to reduce the computational effort. 
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(a) Front view (b) Top view 
 
Fig. 5.1. Schematic diagram of the double tube GHE model. 
 
 
 
Fig. 5.2. The example pattern of mesh of double tube GHE and ground soil. 
 
In order to reduce the number of the total mesh and obtain an accurate result, the 
mesh around and inside the GHE tubes was densified, while the mesh size far away 
Chapter 5   Numerical Optimization of Double Tube GHE for GSHP 
93 
 
from the GHE tube was gradually enlarged. The geometrical configurations of all 
models are shown in Table 5.1. The thermo-physical properties of materials used in 
present simulation models are listed in Table 5.2 which are similar to Jalaluddin et al. 
(2011) and Jalaluddin and Miyara (2012). Ground profile up to 15 m in depth is Clay 
and below 15 m is Sandy-clay (Hino et al., 2007). Pure water was used as the heat 
transfer fluid without ground water advection and moisture migration in the ground. 
 
Table 5.1. Geometric specification of double tube vertical GHE models. 
Model 
Outer tube (inlet)  
diameter (mm) 
Inner tube (outlet)  
diameter (mm) 
Outer tube 
thickness (mm) 
Inner tube 
thickness (mm) 
M1-1 130 40 5 4 
M1-2 100 40 5 4 
M1-3 70 40 5 4 
M2-1 130 30 5 4 
M2-2 100 30 5 4 
M2-3 70 30 5 4 
M2-4 60 30 5 4 
M2-5 50 30 5 4 
M3-1 130 20 5 4 
M3-2 100 20 5 4 
M3-3 70 20 5 4 
M3-4 60 20 5 4 
M3-5 50 20 5 4 
M3-6 40 20 5 4 
 
 
Table 5.2. Materials thermo-physical properties used in numerical modelling of double 
tube vertical GHE. 
Material name 
Density  
(kg/m
3
) 
Specific heat 
 (J/kg· K) 
Thermal conductivity  
(W/m·K) 
Stainless steel (inlet tube) 7817 460 13.8 
Polyvinyl chloride (outlet tube) 1380 960 0.15 
Clay 1700 1800 1.2 
Sandy-clay 1960 1200 2.1 
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5.2.2 Numerical method for optimization 
 
To optimization of double tube vertical GHE, numerical simulations were carried 
out by using the commercial CFD software ANSYS FLUENT 17.2. The governing 
equations are as follows: 
For two-dimensional axisymmetric geometries, the continuity equation is given 
by: 
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where ρ in density, t is time, x is axial coordinate, r is radial coordinate, vx is axial 
velocity and vr is radial velocity. 
The axial and radial momentum conservation equations of two-dimensional 
axisymmetric geometries are given by Eq. (5.2) and (5.3) 
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where μ is viscosity, p is pressure and    ⃗  
   
  
 
   
  
 
  
 
              
The energy equation is given by 
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where h is enthalpy, μt is turbulence viscosity, σt is constant. 
In ground soil region, the energy transport equation given by 
    
  
  
   (   )                     (5.5) 
where ρs is density of soil, Cp is specific heat of soil, k is thermal conductivity of soil 
and T is temperature. 
The numerical simulations were carried out for laminar flow and turbulent flow 
considering three mass flow rates as 1, 7 and 35 L/min. The SIMPLE algorithm was 
used for the velocity-pressure coupling. To describe the fluid flow field, finite-volume 
formulation was used to solve the Navier-Stokes equation. Since heat transfer fluid in 
the simulation models is incompressible fluid water, hence the Realizable k−ε model 
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with standard wall functions was considered for the case of turbulent flow. The models 
were simulated in the cooling mode for continuous 24 h operation by applying the 
physical and thermal properties of materials listed in Table 5.2. 
  
5.2.3 Boundary and initial conditions 
 
A constant and uniform temperature 302 K was applied to the top surface of the 
ground. At the bottom, a heat flux 65 mW/m
2
 (Pollack et al., 1993) was used. The outer 
surface of ground at a distance 3.0 m from the center line was considered no heat flux. 
Ground temperatures variation up-to 10.0 m depth at different depth positions measured 
on July 1, 2016 in Saga University, Japan is shown in Fig. 5.3(a). The ground 
temperature influenced strongly up-to level 5 m in depth by ambient temperature and 
below that ground temperature assumed to be constant of 290 K. For cooling mode of 
operation, the initial ground temperature was assumed to be similar with the ground 
temperature measured on July1, 2016. Then the simulation models were initialized with 
the temperature profile shown in Fig. 5.3(a). After initialization, the temperature 
contour is shown in Fig. 5.3(b). The inlet water temperature was set to 300 K; the inlet 
and outlet were considered as the velocity-inlet and outflow. Three mass flow rates 1, 7 
and 35 L/min were considered and the inlet velocity magnitude for each model was set 
corresponding to mass flow rates of 1, 7 and 35 L/min. Corresponding to these mass 
flow rates, the simulation conditions and the fluid flow regimes are summarized in 
Table 5.3.  
 
Table 5.3. Simulation conditions and fluid flow regime for all of the simulation models 
Case 
Mass flow 
 rate (L/min) 
Inlet water 
temperature 
(K) 
Reynolds 
number in 
outer tube 
Reynolds 
number in 
inner tube 
Flow regime 
in outer tube 
Flow regime 
in inner tube 
1 1 300 ≤ 2300 ≤ 2300 Laminar Laminar 
2 7 300 ≤ 2300 ≥ 4000 Laminar Turbulent 
3 35 300 ≥ 4000 ≥ 4000 Turbulent Turbulent 
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(a) Ground temperature profile 
 
 
(b) Temperature contour 
 
Fig. 5.3. Initial condition for simulation models. 
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5.2.4 Mesh elements independence test 
 
To perform the grid independence test, four sets of grid such as 16635, 24510, 
46645 and 122413 elements were considered. The model M1-1 was simulated with 
mass flow rate 2 L/min, inlet water temperature 300 K. Table 5.4 summarizes the outlet 
water temperature after 24 h of operation. The outlet temperatures were 295.70 K, 
295.67 K, 295.64 K and 295.61 K respectively for 16635, 24510, 46645 and 122413 
elements. For all of the elements number, outlet temperature after 24 h operation very 
closed to each other. With increasing the elements number, outlet temperature little 
change. Therefore 46645 grid system was used in this study. 
 
Table 5.4. Outlet water temperature after 24 h of operation for different grid number 
 
Grid number Outlet temperature after 24 h operation (K) 
16635 295.70  
24510 295.67  
46645 295.64  
122413 295.61 
 
 
5.2.5 Model validation 
 
Comparison between simulation and experimental results are needed for better 
understanding of acceptance of the numerical results.To confirm reliability of numerical 
simulation models implemented in present study, the heat transfer rates obtained from 
present simulation results were compared with experimental and numerical results of 
Jalaluddin et al. (2011) and Jalaluddin and Miyara (2012). For comparison with 
previous results, the assumptions used i.e., (i) hybrid mesh generation method; (ii) CFD 
code; (iii) similar parameters; (iv) similar boundary conditions and initial conditions; 
(v) experimental data in site. In the previous test of Jalaluddin et al. (2011) and 
Jalaluddin and Miyara (2012), the inlet (outer) and outlet (inner) tube diameter were 
130 mm and 40 mm; GHE length was 20 m; the inlet water temperature was 300 K; 
mass flow rates of water were 2, 4 and 8 L/min; the operation time was 24 h and 
materials properties were same as listed in Table 5.2. The heat transfer rates of present 
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model M1-1 were compared with previous test results under above mentioned similar 
conditions. The average heat transfer rates for 2, 4 and 8 L/min were 36.9, 49.6 and 
54.8 W/m respectively (Jalaluddin et al., 2011; Jalaluddin and Miyara, 2012). On the 
other hand in present simulation model M1-1, the corresponding heat transfer rates are 
37.7, 51.7 and 55.3 W/m respectively for 2, 4 and 8 L/min. The deviations of heat 
transfer rate are 2.1, 4.2 and 0.9% respectively for mass flow rate 2, 4 and 8 L/min. For 
simplicity, Fig. 5.4 shows the comparison of heat transfer rate per meter borehole length 
of present simulation result and results from Jalaluddin et al. (2011) and Jalaluddin and 
Miyara (2012) for mass flow rate 4 lit/min. The present numerical result in Fig. 5.4 
shows the similar trend with previous results and deviation is within 4.2%. This 
confirmed that the good agreement of simulation model results with previous results. 
 
 
Fig. 5.4. Validation of present numerical model for mass flow rate 4 L/min. 
 
5.3 Results and discussion 
 
5.3.1 Selection of inlet and outlet 
 
Before starting the optimization simulation of double tube vertical GHEs, it is 
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necessary to decide inlet in either inner tube or outer tube is more effective for heat 
transfer. Preliminary simulation was done for model M1-1 (outer annular tube diameter 
130 mm and inner circular tube diameter 40 mm) by alternating the inlet and outlet in 
outer tube and inner tube. Inlet water temperature was 300 K, mass flow rates were 1 
and 4 L/min and boundary and initial conditions were similar described in section 5.2.3. 
It was observe that the average heat transfer rates in 24 h operation are 23.8 and 49.4 
W/m respectively for the mass flow rates of 1 and 4 L/min when inlet was considered in 
outer annular tube and outlet in inner circular tube. On the other hand if inlet was 
considered in inner circular tube and outlet in outer annular tube, the average heat 
transfer rates are 20.6 and 43.4 W/m respectively for the mass flow rates 1 and 4 L/min. 
Therefore, inlet at outer annular tube and outlet at inner circular tube has been chosen 
for simulation of models. 
 
5.3.2 Heat transfer rate 
 
Heat transfer rates were calculated to investigate the thermal performance of the 
GHEs. Heat transfer rate can be calculated by follow:  
   ̇                          (5.6) 
where ̇  is the mass flow rate (kg/s), Cp is the specific heat (J/(kg·K)), and ∆T is the 
temperature difference between the inlet and outlet of circulated water (K). Then heat 
transfer rate per meter borehole depth is defined as follow: 
 ̅           (5.7) 
where L is the length of the borehole.  
Heat transfer rate assessment in three criteria such as: (i) laminar flow through 
both inlet and outlet tubes refereed as case 1; (ii) laminar flow through inlet tube, 
turbulent flow through outlet tube refereed as case 2; (iii) turbulent flow through both 
inlet and outlet tubes refereed as case 3. Figure 5.5 shows the heat transfer rate per unit 
borehole length for all of the models in 24 h continuous operation and the average heat 
transfer rates of each flow rate for all of the models are summarized in Table 5.5.  
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(a) Laminar flow through outer and inner @ 1 L/min 
 
 
 
(b) Laminar flow through outer tube and turbulent flow through inner tube @ 7 L/min 
 
Fig. 5.5. Average heat transfer rate per meter borehole of the GHE models. 
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(c) Turbulent flow through outer and inner tube @ 35 L/min 
Fig. 5.5. Average heat transfer rate per meter borehole of the GHE models (continued). 
 
Table 5.5. Average heat exchange rates of each of the model for cases 1, 2 and 3 
Model  Average heat transfer rate (W/m) 
 1 L/min 7 L/min 35 L/min 
M1-1 23.8 54.1 74.8 
M1-2 22.5 48.5 64.0 
M1-3 21.1 41.8 51.8 
M2-1 24.2 55.5 76.1 
M2-2 23.0 50.5 66.0 
M2-3 21.6 44.5 55.6 
M2-4 21.1 42.6 52.0 
M2-5 20.6 40.6 47.5 
M3-1 24.7 57.0 77.1 
M3-2 23.5 52.6 69.0 
M3-3 22.0 46.5 59.9 
M3-4 21.5 44.5 56.2 
M3-5 21.0 42.4 52.5 
M3-6 20.4 40.0 47.2 
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From Fig. 5.5(a)-(c), it can be seen that the heat transfer rate per meter borehole 
length increased with the increases of inlet tube diameter for a fixed outlet tube 
diameter. For example from Fig. 5.5(a), for the case 1 with inlet tube diameter 130 mm 
and outlet tube diameter 40 mm (model M1-1), the average heat transfer rate was 23.8 
W/m, but when inlet tube diameter 70 mm and outlet tube diameter 40 mm (model M1-
3), the heat transfer rate was 21.1 W/m.  But this increases of heat transfer occurred 
with the increases overall size of the GHE which will increases the material cost and 
installation cost. On the other hand for a fixed inlet tube diameter, heat transfer rate 
increased with decreases of outlet tube diameter. For example in case 1 with fixed inlet 
tube diameter 130 mm, the  average heat transfer rate was 24.7 W/m when outlet tube 
diameter 20 mm (model M3-1) and 23.8 W/m when outlet tube diameter 40 mm (model 
M1-1). This happened because of the contact surface area between water and outlet tube 
decreases with the decreases of outlet tube diameter. This reduces the heat transfer 
between water in inlet tube and water in outlet tube. Similarly, for the cases 2 and 3, 
there is some enhancement of heat transfer occurred by reducing the outlet tube 
diameters for a fixed inlet tube diameter. So, there is an opportunity to reduce the 
material cost of double tube GHE by reducing the outlet tube diameter for a fixed inlet 
diameter tube. 
 
5.3.3 Pressure drop 
 
The pressure drop through all of the models is shown in Fig. 5.6. In order to 
verify the pressure drop through GHE tubes due to water flow, pressure drop also 
calculated by using following equations: 
     (
 
  
)  (
   
 
)                 (5.8) 
where ΔP is the pressure drop (Pa), fs is the friction factor, L is the tube length (m), DH 
is the hydraulic diameter of tube (m),  ρ is the density of fluid (kg/m3), V is the fluid 
velocity (m/s). 
For straight tube, friction factor can be calculated by Hagen–Poiseuille equation 
for laminar flow 
   
  
  
                         (5.9) 
and by Blasius equation for turbulent flow  
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                      (5.10) 
Also, pressure drop caused by sudden contraction when water enters in outlet tube 
from inlet tube can be calculated by 
    
 (     )
 
 
                     (5.11) 
where Vo is the velocity in outlet tube and Vi is the velocity in inlet tube.  
Then the total pressure drop through the GHE is calculated by  
                                             (5.12) 
 
Then the pressure drop through the GHE calculated by using Eq. (5.12) included 
in Fig. 5.6. The pressure drop through GHE tube increased with increase of flow rate 
and with the decreases of GHEs tube diameter. This indicates that increases of pump 
work of GSHP system. Table 5.6 summarized the simulated pressure drop through GHE 
models. From Fig. 5.6(a)-(c), it can be seen that the numerical pressure drops slightly 
higher than that of calculated pressure drops through GHE models.  
 
 
(a) Laminar flow through outer and inner tube @ 1 L/min 
 
Fig. 5.6. Pressure drop through the GHE models. 
 
 
Chapter 5   Numerical Optimization of Double Tube GHE for GSHP 
104 
 
 
(b) Laminar flow through outer tube and turbulent flow through inner tube @ 7 L/min 
 
 
(c) Turbulent flow through outer and inner tube @ 35 L/min 
 
Fig. 5.6. Pressure drop through the GHE models (continued). 
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Table 5.6. Pressure drop from numerical simulation of each of the model for cases 1, 2 
and 3 
Model  Pressure drop (Pa) 
 1 L/min 7 L/min 35 L/min 
M1-1 5.4 125 1498 
M1-2 6.2 130 1537 
M1-3 16.8 235 2907 
M2-1 16.5 401 5897 
M2-2 17.9 411 5981 
M2-3 21.5 448 6815 
M2-4 32.9 549 8110 
M2-5 99.8 1233 20022 
M3-1 79.1 2361 40001 
M3-2 80.3 2374 40587 
M3-3 83.4 2430 41252 
M3-4 89.2 2503 42137 
M3-5 96.2 2628 45683 
M3-6 191.8 3802 65278 
 
5.3.4 Optimization evaluation 
 
Based on the simulation results shown in Fig. 5.5 and summarized in Table 5.5, it 
was discussed in section 5.3.2 that, the reduction of outlet tube diameter helps to 
improve the thermal performance of double tube vertical GHE. Also reduction of inlet 
tube diameter is possible considering small decreases of heat transfer rate at low mass 
flow rate especially in laminar flow (case 1 for example). In the laminar flows both in 
inlet tube and outlet tube with mass flow rate 1 L/min (case 1), heat transfer rate 
decreased only 14% for the model M3-6 compare to the model M1-1. When water flow 
is laminar in inlet tube and turbulent in outlet tube with mass flow rate 7 L/min (case 2), 
the heat transfer rate decreased 26% for the model M3-6 compare to the model M1-1. 
The corresponding decreased of heat transfer rate is 36% when turbulent flow both in 
inlet and outlet tube with the mass flow rate 35 L/min (case 3). Thus with increasing the 
mass flow rate from laminar to turbulent, the decreasing rate of heat transfer rate 
increases when compared between the models M1-1 and M3-6. Based on the model 
M3-6, with increasing the mass flow rate from laminar to turbulent, the decreasing rate 
of heat transfer rate similarly increased for all other models. Even if the heat transfer 
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rate decreased 14% in the case 1 for model M3-6 compare to model M1-1, the inlet tube 
diameter can be reduced from 130 mm to 40 mm and outlet tube diameter from 40 mm 
to 20 mm. On the other hand the heat transfer rate decreased 16% in the case 1 for 
model M3-6 compare to model M2-1, the inlet tube diameter can be reduced from 130 
mm to 40 mm and outlet tube diameter from 30 mm to 20 mm. Thus it is better to 
reduce the outlet (inner) tube diameter for a fixed inlet (outer) tube diameter on the 
basis of heat transfer rate. Also in case 1, from the comparison between model M3-1 
and M3-6, the heat transfer rate decreased 17% but it is possible to reduce the inlet tube 
diameter from 130 mm to 40 mm with fixed outlet tube diameter 20 mm. The heat 
transfer rate decreased 13% for model M3-6 compare to model M3-2 in case 1, but 
reduction of the inlet tube diameter from 100 mm to 40 mm is possible with fixed outlet 
tube diameter 20 mm. Similarly, based on the model M3-6, for all other models from 
M3-1 to M3-5, with decreasing the inlet (outer) tube diameter the decreasing rate of 
heat transfer rate gradually decreased.   
It is obvious that with increases of mass flow rate, heat transfer rate will also be 
increased. However, from Figs. 5.5 and 5.6, and Tables 5.5 and 5.6, any improvement 
of heat transfer or reductions of the size of GHE are always included a penalty of 
pressure drop. From Fig. 5.6 and Table 5.6, the pressure drops of all models are in low 
range (5.4 to 191.8 Pa) for the case 1 when inlet and outlet tube flow was in laminar. 
Pressure drop significantly increased when flow rate increased from 1 L/min (both inlet 
and outlet tube flow laminar) to 7 L/min (inlet tube flow laminar and outlet tube flow 
turbulent). And pressure drops are very high when both inlet and outlet tube flow in 
turbulent (case 3 @ 35 L/min). Pressure drops also increased with decrease of inlet and 
outlet tube diameter of GHE models for a fixed mass flow rate.  
In order to achieve an energy balance by reducing the inlet and outlet diameter of 
double tube vertical GHE, the balance between heat transfer and pressure drop needed 
to examine. For instance, for model M1-1, the heat transfer rate increased 2.3 times and 
3.1 times respectively when mass flow rate increased from 1 L/min to 7 L/min and 1 
L/min to 35 L/min. The pressure drop increased 23.1 times and 277.4 times respectively 
corresponding increases of mass flow rate increased from 1 L/min to 7 L/min and 1 
L/min to 35 L/min. Similar characteristics of increased of the heat transfer rate and 
pressure drop can be observed from Table 5.5 and 5.6 for all of the models. Therefore, 
it is better to operate the double tube vertical GHE in laminar flow condition which will 
save high pump work to circulate the water through the GHE as well as save selection 
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of high capacity pump and operating cost. In this case, just small decreasing rate of heat 
transfer rate should be considered. For instance, in the case of laminar flow both in inlet 
tube and outlet tube with mass flow rate 1 L/min (case 1), the pressure drop increased 
2.4 times and heat transfer rate decreased 1.2 times for model M3-6 compared to model 
M3-1. Importance of this penalty of pressure drop and heat transfer rate is the reduction 
of the inlet tube diameter from 130 mm to 40 mm fixed outlet tube diameter. Therefore, 
the heat transfer rate and pressure drop are related to both the mass flow rate (Reynolds 
number) and size of the GHE, it is best option to install smaller diameter (M3-6 for 
example) double tube vertical GHE and operate in laminar flow condition.  
The coefficient of performance (COP) improvement criterion proposed by 
Jalaluddin and Miyara (2015) has been assumed to evaluate the energy balance between 
heat transfer rate and pressure drop. Considering the effects of increases of pressure 
drop and heat exchange rate on net coefficient of performance, the        of GSHP 
system was written as follows: 
       
  
           
 
        
           
   (5.13) 
where,    and    are cooling and heating rate,       and       are power input to 
compressor and pump, respectively. If the double tube GHE increases the heating rate 
by     and the pumping power by       , the net COP becomes 
        
            
                  
 
           (           )
         (           )
           (5.14) 
It was assumed that,       is kept constant. 
By considering the condition of               , the following equation was 
obtained: 
       
           (           )
         (           )
                            (5.15) 
From the above equation, improvement condition of COP was given as follows: 
                                                    (5.16) 
The pumping power is expressed as the product of volumetric flow rate, V (m
3
/s) 
and pressure loss, ΔP (Pa). 
                                                                 (5.17) 
 
Then from Eqs. (5.16) and (5.17), the COP improvement criterion was calculated 
from the following equation: 
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                      (5.18) 
where QH is heating rate (W/m), QʹH is increases of heating rate (W/m), V is volumetric 
flow rate (m
3
/s), ΔP is pressure drop (Pa) and ΔPʹ is increases of pressure drop (Pa). To 
evaluate the COP performance criteria, simulations were carried out of present 4 
different models such as M1-3, M2-3, M3-3 and M3-6 using similar boundary 
conditions and properties used by Jalaluddin and Miyara (2015) for U-tube GHE. By 
using Eq. (5.18), the COP improvement criterions are listed in Table 5.7.  
In the case of U-tube GHE (Jalaluddin and Miyara, 2015), the minimum borehole 
diameter was 86 mm. In the present double tube GHE, if inlet (outer) tube diameter 70 
mm, then borehole diameter required 80 mm because the thickness of tube is 5 mm. 
And for other lower size inlet tube GHEs, borehole diameter will also be lowered. But 
COP improvement criterions for double tube in Table 5.7 have shown always positive. 
The positive value of Eq. (5.18) in Table 5.7 indicates that, the net COP is improved. 
Within the present simulation models, reduced size of double tube vertical GHE is 
effective for GSHP system even if pressure drop increased and heat transfer rate little 
decreased with the size reduction.  
 
Table 5.7. The COP improvement criterion defined in Eq. (5.18) with mass flow rate 2 
L/min 
Model 
QDouble 
tube 
QH 
**
 QʹH  V  
ΔPDouble 
tube 
ΔP ** ΔPʹ  
Eq. 
(5.18) 
 W/m    m
3/s  Pa/m     
M1-3 20.0 14.1 5.9  3.3333E-5  2.3 3.1 -0.8  0.42 
M2-3 20.2 14.1 6.1  3.3333E-5  3.1 3.1 0.0  0.43 
M3-3 20.5 14.1 6.4  3.3333E-5  9.4 3.1 6.3  0.45 
M3-6 17.3 14.1 3.2  3.3333E-5  19.2 3.1 16.1  0.23 
**Jalaluddin and Miyara, (2015) 
 
5.3.5 Effect of GHE materials on heat transfer 
 
High density polyethylene (HDPE) tube is usually used in installation of GHEs. 
However, copper tubing has been successfully used in some applications since copper 
tube has a very high thermal conductivity (Kavanaugh and Rafferty, 1997). The effect 
of different tube materials on heat transfer rate with mass flow rate 1 L/min and inlet 
water temperature 300K was investigated and compared for model M3-6 (inlet tube 
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diameter 40 mm, outlet tube diameter 20 mm) as shown in Fig. 5.7. Inlet (outer) tube 
with HDPE (density of 955 kg/m
3
, specific heat of 2300 J/(kg∙K), thermal conductivity 
of 0.461 W/(m∙K)), copper (density of 8978 kg/m3, specific heat of 381 J/(kg∙K), 
thermal conductivity of 387.6 W/(m∙K)) and stainless steel (SS) were considered. Outlet 
(inner) tube was considered as polyvinyl chloride (PVC) tube which was common for 
HDPE, copper and stainless steel inlet tube. Properties of SS and PVC have given in 
Table 5.2. 
 
Fig. 5.7. Effect of GHE materials on heat transfer rate. 
 
The average heat transfer rates in 24 h continuous operation were 20.4 W/m for 
inlet tube SS and outlet tube PVC; 20.6 W/m for inlet tube copper and outlet tube PVC; 
17.3 W/m for inlet tube HDPE and outlet tube PVC, and 15.3 W/m for both inlet and 
outlet tube HDPE. The average heat transfer rate for both SS and copper tube GHE are 
almost similar. The practical viewpoint is that even though the thermal conductivity of 
copper is very high than that of SS, the heat transfer is dominated by surrounding 
ground soil around the GHE. The GHE with HDPE inlet tube and PVC outlet tube has 
13% higher heat transfer rate in contrast GHE with HDPE in both inlet and outlet tube 
in 24 h operation. The reason is less heat interaction between inner and outer tube water 
when lower thermal conductivity material PVC was used as inner tube. Though the heat 
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transfer rate is higher of copper tube and SS tube compared to HDPE tube, but copper 
tube and SS tube must have to be protected from corrosion in terms durability and 
corrosion resistance. Even though copper tube and SS tube protected from corrosion by 
using thin coating of corrosion resistance material, the high cost of copper and SS 
compare HDPE and PVC should be considered. And also the overall thermal 
conductivity of thin coated copper tube and SS tube necessarily need to calculate before 
selection. 
 
5.3.6 Effect of long time operation on ground soil temperature around GHE 
 
The simulation was conducted for model M3-6 (inlet tube diameter 40 mm, outlet tube 
diameter 20 mm) under 90 days of continuous operation with mass flow rate 1 L/min 
(case-1) to observe the temperature variation of ground soil at different depth around 
the GHEs. All of the boundary and initial conditions are same as mentioned in section 
5.2.3 except top surface of the ground. In the top surface, the heat flux boundary 
condition was applied which was measured in Saga University, Japan from July 1, 2016 
to September 30, 2016 shown in Fig. 5.8. The affected zone around the GHE at 
different depth is shown in Fig. 5.9. The ground temperatures near the surface of the 
ground affected by top surface heat flux. In radial direction, the affected region around 
GHE increased with operation time. For instance the ground temperature around GHE 
affected at 10 m depth was about 1.2 m after 30 days, 1.25 m after 60 days and 1.28 m 
after 90 days respectively in radial direction. On the other hand at 15 m depth, the 
affected zone was about 1.05 m after 30 days, 1.10 m after 60 days and 1.13 m after 90 
days respectively in radial direction. Therefore, it is possible to install multiple double 
tube vertical GHE placing at 2.0 m lateral distance. But it depends on the operation time 
and mass flow rate. Also thermal interference should be considered especially in upper 
region near ground surface which can be analyzed by three-dimensional simulation. 
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Fig 5.8. Ground surface heat flux measured Saga University, Japan from July 1, 2016 to 
September 30, 2016. 
 
 
Fig. 5.9. Contour of ground temperature distribution under 90 days continuous 
operation. 
 
5.4 Conclusions 
 
In this study, the tow-dimensional axisymmetric transient heat transfer of double 
tube vertical GHE has been studied numerically. Before optimization, the model was 
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validated with previous experimental and numerical results. The results of a numerical 
study of optimization of double tube vertical GHEs have been done by considering heat 
transfer rates and pressure drops. Effect of the different materials on heat transfer also 
discussed. Long-time operation was discussed to observe the ground temperature 
variation around GHE at several radial and vertical distances. 
The double tube vertical GHEs are more effective in laminar flow condition 
considering balance between heat transfer and pressure drop. Since in laminar flow 
region, pressure drop is not significantly high in present simulation models, if the 
vertical GHE operates in laminar flow condition, it is possible to reduce the inlet and 
outlet diameter of GHEs. The heat transfer rate decreased only 17.4% but the inlet 
(outer) tube diameter can be reduced from 130 mm to 40 mm with fixed outlet (inner) 
tube diameter 20 mm. Heat transfer rate can be enhanced by reducing the outlet tube 
diameter for a fixed inlet tube diameter but pressure drop also increased. The heat 
transfer rate and pressure drop are related to both the mass flow rate (Reynolds number) 
and size of the GHE, it is good choice to install small size (inlet diameter 40 mm and 
outlet diameter 20 mm for example) double tube vertical GHE and operate in laminar 
flow condition. This reduced size GHE and laminar flow operation will save overall 
cost of installation and high pumping work as well as save selection of high capacity 
pump and operating cost. Long time operation suggests the possibility of installation of 
multiple double tube vertical GHE placing at 2.0 m lateral distance. 
Since the heat transfer is dominated by ground around GHE, copper tube and 
stainless steel have showed almost same effect on heat transfer rate though the thermal 
conductivity of copper is 28 times higher than stainless steel. Furthermore HDPE is 
usually used in installation of GHE, the present study suggests that in double tube GHE, 
inlet (outer) tube with HDPE and outlet (inner) tube with PVC is more effective than 
HDPE tubes use both in inlet and outlet. 
  
 
 
 
Chapter 
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Conclusions and Recommendations 
 
 
 
 
6.1 Conclusions 
 
This thesis presents the experimental investigation of thermal performance in 
heating mode of slinky horizontal GHEs in two orientations: reclined (loops are parallel 
to ground surface) and standing (loops are perpendicular to ground surface). 
Experimental investigation highlights the thermal performance comparison between 
reclined and standing slinky horizontal GHEs in different continuous operations. In 
addition, intermittent operation of reclined GHE was conducted to observe merits of 
intermittent operation compared with continuous operation. Numerical simulations were 
also carried out by using commercial CFD software FLUENT to optimum analysis of 
slinky loops of horizontal GHE and double-tube vertical GHE. In slinky horizontal 
GHE simulation, the thermal performance improvement was investigated with 
sequentially sinking distribution of loop pitch from starting loop to end loop. In double-
tube vertical GHE optimization, simulation was carried out to reduce the outer and 
inner tube diameter. A detailed literature survey was conducted on experimental and 
numerical performance analysis of different GHEs (chapter 2). The major findings from 
this study are concluded as: 
The measured undisturbed ground temperature below 5.0 m depth was remaining 
relatively constant, about 17 °C to 18 °C.  Within the whole year, the maximum 
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variation of ground temperature at depth of 1.0, 1.5 and 2.5 m was about 19 °C, 15 °C 
and 9 °C, respectively. The undisturbed ground temperature profile provides a useful 
indicator of the installation of GHEs at a suitable depth for heating and cooling 
purposes. 
Based on the experimental thermal performance analysis (chapter 3) of reclined 
and standing slinky horizontal GHEs, a higher heat exchange rate was experienced in 
standing GHE than in reclined GHE. The standing GHE was affected by deeper ground 
temperature and also a greater amount of backfilled sand in standing GHE (4.20 m
3
) 
than reclined GHE (1.58 m
3
), which has higher thermal conductivity than site soil. With 
respect to excavation work, standing slinky GHE is cost effective compared with 
reclined slinky GHE. It can be suggested that slinky horizontal GHEs in standing 
orientation could be installed more effectively by backfilling the trench with higher 
thermal conductivity material. To utilize the present result for further sizing the slinky 
GHEs for different ground soil temperatures and operating conditions, the overall heat 
transfer coefficient UA-value was calculated. The system had almost reached the steady 
state condition after about 12 h of operation from the beginning. The steady state UA-
values of standing GHE are 36.12 and 42.66 W/°C respectively for mass flow rates 1 
and 2 L/min with inlet water temperature 7 °C and initial ground temperature 10.4 °C. 
On the other hand, for reclined GHE, the UA-values are 30.75 and 35.58 W/°C 
respectively for mass flow rates 1 and 2 L/min with inlet water temperature 7 °C and 
initial ground temperature 10.4 °C. The different ground temperature is more significant 
on the performance of GHE. For example, with the mass flow rate of 1 L/min and inlet 
water temperature 7 °C, the 4-day average heat extraction rates increased 45.3% and 
127.3%, respectively, when the initial average ground temperatures at 1.5 m depth 
around reclined GHE increased from 10.4 °C to 11.7 °C and 10.4 °C to 13.7 °C. In 
order to observe the heat exchange characteristics of intermittent operation, the thermal 
performance of intermittent operations for different on and off-period were compared 
with continuous operation. Therefore, the merits of the intermittent operation can be 
achieved if the performance of the continuous operation is considered over only the 
same on-periods of the intermittent operation. The heat regeneration of ground in off 
time period contributed significantly to the increasing the heat exchange rate. It was 
also observed that, a short time interval of intermittent operation is better than a long 
time interval of intermittent operation. Furthermore, from the viewpoint of power 
consumption by the circulating pump, the intermittent operation is more efficient than 
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continuous operation. Because the active operation time for all of the intermittent 
operations is one-half of the continuous operations. Consequently, the pump power 
consumptions of the intermittent operations are 50% of the continuous operations. 
The numerical investigation of the thermal performance of slinky horizontal GHE 
with new arrangements of loop pitch (chapter 4) indicated that, the thermal performance 
can improve by using modified loop arrangement of slinky GHE with gradually 
decreasing the loop pitch from starting loop to end loop. The thermal performances are 
higher with modified loop arrangement of slinky GHE than uniform distribution of loop 
of slinky GHE. This happened because loop to loop interval distances are available in 
leading loops and overlapping loops are existed in tailing loops of modified 
arrangement of slinky loops and; heat load in leading loops is higher during heat 
exchange between water inside the GHE tube and surrounding ground. The adequate 
loop intervals in the leading loop of modified arrangement permit easy to the heat flow 
in ground soil. In this study the slinky GHE consists only 7 loop, which is may be 
suited for load demand of small building. For large building or commercial purpose, the 
slinky GHE is consisted usually large number of loop. It that situation, the total number 
of loops can be arranged by step by step group of loop pitch reduction. The total 
number of loop can be subdivided step by step according to pitch reduction factor 
which can help to the improvement of performance of slinky GHE. The slinky loop 
diameter, number of loop and trench length was fixed as 1 m, 7 and 7 m respectively 
and the operating water flow rate was 4 lit/min and inlet water temperature was 27 °C. 
Under the present operating conditions and geometric parameters considered, the 
modified arrangement of slinky GHE loops offers maximum 22.2% higher heat 
exchange compared with uniform distribution of loops of slinky GHE within 7 day 
continuous operation. 
From the numerical study of tow-dimensional axisymmetric transient heat 
transfer of double tube vertical GHE (chapter 5), it was found that the double tube 
vertical GHEs are more effective in laminar flow condition considering balance 
between heat transfer and pressure drop. Since pressure drop is not significantly high in 
laminar flow region, in the present simulation models, it is possible to reduce the inner 
and outer tube diameter by operating the double tube vertical GHE in laminar flow 
condition. The heat transfer rate decreased only 17.4% but the outer tube (inlet) 
diameter can be reduced from 130 mm to 40 mm with fixed inner tube (outlet) diameter 
20 mm. Heat transfer rate can be enhanced by reducing the inner tube diameter for a 
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fixed outer tube diameter but pressure drop also increased. The heat transfer rate and 
pressure drop are related to both the mass flow rate (Reynolds number) and size of the 
GHE, it is good choice to install small size (inlet diameter 40 mm and outlet diameter 
20 mm for example) double tube vertical GHE and operate it in laminar flow condition. 
This reduced size GHE and laminar flow operation will save overall cost of installation 
and high pumping work as well as save selection of high capacity pump and operating 
cost. Materials with higher thermal conductivity significantly increase the thermal 
performance of GHE. However, the heat transfer is dominated by ground around GHE, 
the present study suggests that in double tube GHE, inlet (outer) tube with HDPE and 
outlet (inner) tube with PVC is more effective than HDPE tubes use both in inlet and 
outlet. 
Conclusively, the results of this thesis study provide useful information for 
designing the different GHEs for GSHP systems in terms of improving the thermal 
performance as well as reducing cost. Furthermore, this study provides a significant 
investigation of the ground thermal conditions for practical installation of GHEs. 
 
6.2 Recommendation for future work 
 
Based on the present study, the results could be improved via some 
recommendations are listed as follows: 
 
i. The experimental results presented in chapter 3 considering only heating 
(winter) mode of operation. Performance analysis in cooling (summer) 
operation could be done which is prevailing mode of operation for warmest 
climate condition. 
ii. The simulations in this research focused on the basis of fixed inlet temperature 
and mass flow rate for different geometrical configurations. Heat load demand 
required by building was not considered. In order to understand the effect of 
variable heat load on GHEs, simulation should be carried out for load demand 
of a building. 
iii. The ground was assumed as homogeneous with uniform thermal properties, 
the presence of ground water advection and moisture transport were ignored 
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in all of present simulation models. The effect of variation in these properties 
should be considered to quantify the performance of GHE systems. 
iv. More investigation (chapter 4) in the effect of changing the loop pitch 
arrangement, number of loop, tube material, working fluid entering 
temperature, flow rate, and thermal properties on the performance of modified 
slinky horizontal GHE should be done by simulation. 
v. In double tube vertical GHE simulation (chapter 5), the inner tube was at the 
center of outer tube. The inner tube can be positioned in different lateral 
distance from the center. Furthermore, the both inner and outer tubes were 
conventional straight. The inner tube can be considered as a flexible plastic 
tube (cross hollow). 
vi. Numerical simulation in chapter 5 was carried out for single double-tube 
vertical GHE. Further three-dimensional simulation should be done for 
multiple double-tube vertical GHEs with different operation conditions such 
as fluid flow rate, operating temperature. Then it would be possible to decide 
the distance between each GHE as well as thermal interference accurately to 
install multiple double-tube GHEs. 
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